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ABSTRACT

This report contains a state-of-the-art survey of all components
required for advanced solar thermionic power systems in the 1-10 KW
range suitable for application in aerospace vehicles. The results
of the survey and development program were used in a comprehensive
parametric study to determine design criteria applicable to these
systems. The development program included evaluation of thermionic
converters of the vacuum and vapor type. The detalls of the design,
fabrication, performance tests, and evaluation of the thermionic
converters and generators built during the program are presented.

The importance of the proper selection of solar receiver configu-
ration, as well as the requirement for high precision solar
concentrators, is treated extensively. Consideration is also
glven to the requirements of the orientation subsystem, energy
storage subsystem and the many control requirements necessary to
adequately orient the solar concentrator arrays, store energy
for the shade portion of the orbital cycle and properly condition
the electrical power required by the vehicle load.

The Appendix presents a detailed design, performance, and test
specification for a 1.5 KW, 28 volts solar thermionic pover systes.
This design is based on all the knovledge accumilated in this program.

PUBLICATION REVIEW

The publication of this report does not constitute approval by the
Alr Force of the findings or conclusions contained herein. It is
published for the exchange and stimulation of ideas.
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1.0 INTRODUCTION

The primary objective of the Air Force program described in this report was
to establish design criteria for advanced solar thermionic power systems in
the 1-10 KW range suitable for application in aerospace vehicles.

The program to accomplish this objective included a state-of-the-art survey
of all system components as well as a comprehensive research, design, develop-
ment, test and evaluation program directed toward advancing the art for
thermionic converter and generators.

The major system component study was carried out by the TAPCO Division of
Thompson Ramo Wooldridge Inc. and included thermionic generators, solar con-
centrators, orientation subsystems, energy storage subsystems and control
subsystems. The research, design, development, fabrication and electrical
characteristic studies of thermionic converters were performed by the Thermo
Blectron Engineering Corporation under a subcontract. The thermionic generator
performance tests and evaluations were conducted by Thompson Ramo Wooldridge.

Results of these study and development efforts were then used to establish the
governing factors, design limitations and feasibility of solar thermionic
power systems over the power range of interest.

The design of a solar thermionic power system with a continuous power output
rating of 1500 watts at 28 volts was completed. A detailed performsnce and
test specification for this 1.5 KW system wvas also established. This design
is based on the state-of-the-art of components as established during the
prograa.

Manusoript released by the authors (August 1962) for publicsticn as an
ASD Technical Document Report.

ABDTDR=62-8TT 1



2.0 SUMMARY

At the time work on this progrsm was begun, it was generally believed that

both the close spaced vacuum and cesium vapor type thermionic comverters held
great promise for application in solar thermionic power systems. A comparative
evaluation of both types based on intensive research and development efforts
during early phases of the program showed a marked superiority in the cesium
type converters. Efforts to develop the cesium converter had resulted in the
attainment of nearly 500 hours of operation at watt densities of over 10 watta/ana
wvith calculated efficiencies of over 15% in experimental models. The vacuum
close spaced units had been made to operate for only 20 hours at power densities
of 0.4 vatts/cne at calculated efficiencies of 4.0%. This marked difference in
performance, coupled with several still=unsolved structural problems associated
wvith the close spaced converters, resulted in a recommendation to discontinue
work on vacuum type comverters. It was subsequently decided that two promising
cesium vapor type thermionic generators would be evaluated during the remainder
of the program.

The first generator utilized two cylindrical geometry converters comnected in
series. BEach converter was designed to produce 200 vatts at 1 volt with 15%
overall efficiency as the design objective. Converter §l produced 160 watts

at approximately .8 volts with a 10.6% efficiency. Converter §2 produced

200 watts at .8 volts with a 13.6% overall efficiency. Both converters were
successfully operated in series with a combined output of 310 watts st 1.5 volts
and an overall efficiency of 9.6%, as determined by the ratio of total electrical
output to total electrical power input.

The second generator configuration is called the cubical cavity generator dbecause
of the arrangement of five flat emitter faces to form a cubical cavity absorber.
The sixth face of the cube served to0 admit flux from a solar concentrator.

Tvo generators of this configuration were designed, but only the second design
rated at 125 vatts vas completed and performance tested. This generator was
tested in the laboratory for over T2 hours and produced 122 watts at 3.7 volts
vith a 7.68 overall efficiency. An evaluation of the performance of each
generator configuration is treated in the body of this report.

In addition to the development and evaluation program carried out on the
thernionic generators, the state-of-the-art in all other major component areas



was subject to close examination. Components such as solar concentrators,
orientation subsystems, energy storage systems, electrical controls and
structural concepts were eall carefully studied to determine what hardware and
configurations might be applicable to a prototype thermionic power system at
this time,

Because of the temperatures assocliated with the efficient operation of thermionic

generators,only precision, rigid type solar concentrators in conjunction with
highly efficient cavity type solar receivers are suitable for solar thermionic
power systems. Solar concentrator requirements and fabrication techniques
perfected at this time indicate that only nickel electroformed concentrators
are acceptable for a systems application. The state=of=the=art as it exists
today limits the size of such concentrators to 5 feet in diameter,with
reflectivities on the order of 89% being the best attainable. Development

in the area of lightweight precision aluminum concentrators has shown much
promise and may eventually replace the nickel concentrators at half the weight
penalty, but to date such concentrators have not met the optical requirements
for thermionic systems.

It vas immediately recognized that cme of the major control areas associated
wvith a thermionic power system is that of sun acquisition and tracking. For
the studies conducted in this program, it vas assumed that inertial or course
pulse jet control would be used to sm-orient the vehicle within % 5 degrees
t0 help minimize fuel requirements and control complexity. Subsequent evalu=
ation of generstor and concentrator performance indicated an orientation of
% 6 minutes or better was actually required for the thermionic system. Also,
because such a system was to be made of many module assemblies with attendant
alignment problems because of the many hinge joints and structural members

involved, soms method of providing a fine orientation comtrol for each module
is required. A relatively simple mechanism called a heliotropic mowmt vas

evaluated to determine its ability to fulfill this need.

The heliotropic mownt,vhich oonsists of a series of bdimetallic sensor=actustor
elements,detects the improper location of the conocentrator focal spot cn the
generstor face due to uneven hesting of the bimetal sensors. This wmeven
heating results in a corrective foroe in the bimetal elements which repositions
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the concentrator to restore proper alignment. The feasibility of the helio-
tropic orientation mechanism has been demonstrated by Thompson Ramo Wooldridge
under a corporate=sponsored program. The further demonstration of its practical
application with a thermionic module remains to be accomplished.

Studies of the various techniques for energy storage, such as inertial, thermal
and electro-chemical, indicate that only the latter is presently suitable for
high=temperature thermionic system applications. While work is being carried
on to perfect the use of several thermal storsge materials, these are far from
achieving state-of-the-art recognition. Among the many electro-chemical
storage systems,only two seem practical for a long=term orbital application.
These two are nickel-cadmium and silver=cadmium storage batteries. The silver-
cadmium batteries, however, enjoy a considersble weight«tospover advantage
over nickel.cadmium and require far less limiting of the depth of discharge to
obtain high cycle life.

Other areas,such as structures and deployment comcepts, electrical systems
controls, thermal controls, and orientation and start-up controls, are covered
in detail in dody of this and other reports. The state-of-the-art in these areas
appears to be sufficiently advanced t0 meet the requirements of the thermionic
power system.

The results of all studies and developments were incorporated in a parametric
design study and tempered with practical considerations and limitation in present
day state-of-the-art hardwvare. As a result of all knovledge gained in the program,
it has deen astadlished that the practical ranges for solar thermionic systems

for orbital applications would seem to be for power ranges of from 200 watts to
3000 wvatts. This limitation is dictated by practical structural considerationms.

The Appendix of this report presents a detailed design, performance and test
specification for a 1.5 XKW, 28 volt continuous power system. The design presented
has & specific weight of 44O 1b/KW. As thermionic converter and genmerstor effi-
ciencies increase and solar concentrator weight dscreases,marked improvements

in specific weight can de expected.




3.0 SOLAR THERMIONIC SYSTEM COMPONENTS

3.1 Thermionic QGenerators

Work on the hardware portion of the program was initiated during June of 1960
with the objective of establishing design criteria for future solar thermionic
pover systems. The program included design studies, theoretical and experi-
mental studies of electrical characteristics; and prototype design, development,
fabrication and test. This work was to be performed concurrently for both the
vacuum and vapor types of thermionic converters and was to be followed by an
evaluation of the relative merits of each. The design goals for the prototype
vacuum generstor were 250 watts output at 28 volts, and an overall 104 efficiency.
The vapor type generator had design goals of 250 watts output at 28 volts, with

a 15% efficiency. Other design objectives were the achievement of 100 thermal
cycles and 100 hours of full-load operation. Theoretical and experimental ;
studies of the electrical characteristics of both types of converters were
performed. A 15 watt vapor converter was operated for 500 hours and achieved
pover densities of up to 6 nttl/cnz. The vacuum converter test units did not f
fare as wll. Based upon the prototype design, a test module of 2.5 watts output,
wvhich could be mass-produced and assembled into a generatcr, had been planned.

The test converters vhich were dbuilt fell well short of this objective.

The prototype design for the vapor generator required two cylindrical converters,
sach producing 200 watts. These converters were to be series connected, and the
output vas to be dslivered to & DC-DIC converter capable of stepping Wp the
voltage to 28 volts.

ittt £t Ry oSN St s

Under test,ons converter produced approximately 200 watts at an efficiency of
13.6%, vhile the other produced 160 watts at an efficiency of 10.6%. These
efficiencies wvere based on measured values of power output and power inmput.

Folloving the difficulties encountered in achieving the required power output
fros the vacuum modules, development work was contimued until March 1961. At
this point, an evaluation was conducted and a recommendation made that work oa
the vacuum type generator be discontimued. Two major factors influsmoed this
decision. Pirst, the performance of the vacuum converter had not lived wp to
previous expectations of performance, and the fadrication of a modular unit to
be used in assembling a 250 watt gemsretor vas considerebly more complicated
than had been expected. Twrefore, it was concluded that & vacum type

generetor wvould be so complicated end expensive a8 0 ¥ isgrectical. In




addition, progress in the vapor converter ares had been very rapid and it had
become obvious that a generator using the vapor principls would bde greatly
superior to one using the vacuum approach.

It wvas also recommended that the vacuum approach be dropped in favor of
developing a cubical cavity cesium generator. This recommendation was accepted
and development of such & gensrator wvas initiated. The prototype generator wves
completed in May 1962. It consisted of five cesium filled converters connected
in series and mounted on & cavity block. The emitters were heated by & two-
stage electron bombardment heater. This generator was designed so that it

could also be solar tested subsequent to laboratory testing. Initial electrical
tests have shown an output of 90 watts at 5 volts, and 122 wvatts at 3.7 volts. In
the course of limited solar testing vith a 5 foot concentrator, the gensrator was
able to produce mearly 20 watts vwith a solar constant of only 75 watts per square
foot.

Gensrator Concepts

Since the objective of the entire program vas to estadblish design criteria for
future solar thermionic power systams, the design goals for the prototype units
were chosen vith reference to the requiremsnts of a solar powered conversion
system for satellite operation. Thus, an output voltage of 28 volts was chosen.
This is the normal voltage required for asrospace auxiliary power devices. The
generator vas designed for use vith a solsr concentrator. The heat rejection
system was to be exclusively dapendent upon rediation; the system vas required
to operate only in vacuum, and a design criteria was to be minimm weight per
unit of power cutput; since any satellite would be expected to pass in and out
of the earth's shadov, system warmup vith & minimm mmber of auxiliary opera-~
tions, and the adbilivy to withstand thermal cycling were also given consideretiom.
The power level of 250 watts and the efficiency objectives of 10§ for vecwm
generators and 154 for vepor filled gensretors were thought to be reascmable
valuss which could be expected by the end of the progrem.

Vecuum Type Generstors

At ths time that the progrem was initiated, the vacwum converter type of
gensrator appeared to promise more repid development toward the goal of prectical
hardware. /mong the expected advantages were: relatively simple strusture, no
corrosion problem, repid startup &ue to lack of dependence wpom dringing a gas~

6



filled envelope to temperature, attrectiveness of simple modular construction,
ease of replacemsnt of defective modules, the possibility of low-cost mass
production, and lower emitter temperature than cesium converters.

The major obstacles in the development of the vacuum close spaced converter
wvere: (1) the choice of a suitable emitter material, (2) the attainment

of close interelectrode space ( = 104 ) to reduce the effect of space charge,
and (3) the achievement of a collector work function of 1.8 volts or less to
ensure reasonable output powers, efficiencies, and converter life.

The evaluation of emitter materials showed the impregnated tungsten emitter to
be the most logical one for use in close-spaced converters; further, the shim
spacer assembly technique was proven successful; however the fundamental problem
of achieving a low work function collsctor with long life remains to bde solved.
Anotrer major problem requiring solution is the satisfactory development of
techniques for producing vacuum diodes reliadbly and easily in the quantities
required for the assembly of high-power 4evices. The statse-of-the-art in

vacuum converters is summarised in Teble 3.1.

Vhile efforts in the development of the cesium vapor thermionic converters

had resulted in converters that operated for over 500 hours at power densities
in excess of 10 wvatts per square centimeter with adjusted efficiencies of over
15%, vacuum close-spaced converters had operated for only 20 hours at power
densities of 0.k watts per square centimster and adjusted efficiencies of 4.0%.

It vas therefore recommended that the program be redirected to exclude further
work on vacuum close-spaced converters for solar thermionic application and to
direct all efforts toward increasing the performance and life of the vepor
converter.

Cesium Type Generator with Cylindrical Geomstry

Development of a cesium filled thermionic converter was at a much earlier stage
than the vacuum development at the time the program wes initiated. Such
problems as cesium corrosion, cersmic-to-mstal seals, cesium reservoir coantrol
and structural cosplications had yet to be solved. However, the potential for
schieving higher power density with respect to both volume and weight and o
higher conversion efficiency indicated that the problems were worth attacking.
Therefore, it vas decided that cns phase of the progrem should be an attempt
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to develop a generator based upon s high-powered cylindrical vepor-filled
converter,

Cubical Cavity Generator

Vhen it became apperent that a vacuum generator was impractical, the cubical
cavity generator was substituted. Such a generator is at a disadvantage when
compared to the cylindrical configuration since it is made up of five separate
converters vhich must be mounted in a supporting block with the thermionic
converter emitters forming a cavity absorber. Since there are flux leakage
paths in the cavity between the emitters some heat flows through the cavity
wvithout any portion being converted to electrical output. In addition, the
configuration of a converter for mounting in a cubical cavity is such that the
converter itself has greater heat losses than a converter of cylindrical

configuration.

The cubical cavity, howver, has one very significant advantage wvhich may,
under certain circumstances, sllow it to exhibit superior characteristics to
those of the cylindrical converter., Each of the five converters mounted on the
cavity block is capeble of producing approximately the same value of 1 volt at
its terminals as the cylindrical converter. Since the five converters of the
cavity are connected in series, the generator will deliver its power at 5 volts.

3.1.1 Theoretical Study of Cesium Vapor Thermionic Comverters

Cesium converters are capable of various modes of operation. Although it is not
possible to identify the precise conditions under vhich a certain mode of opera-
tion merges into another, these modes of operation are easily charscterized.

The factor that is probvadbly most important in characterizing the possible modes
of operation is the average number of collisions undergone by the electrons
during their travel from the emitter to the collector. Thus, the modes of
operation may be grouped into two drosd categories: "collision free" modes

and "plasma” modes. In the collision free modes, the electrons leaving the
exitter seldom undergo substantial collisions before reaching the collector;
such a condition is achieved, of course, by using relatively lov cesium vapor
pressures and small interelectrods spacings. In the plasma modes, the inter-
electrode spacing is relatively large, the cesium vepor pressure is relatively
high, and most emitted electrons collide several times with cesium atoms and
ions before reaching the collector.

e e v« sl



The plasma mode of operation was chosen to achieve the design goals of the
contract. In the plasme mode of operation, the high vapor pressure of the
cesium results in copious ionization of the cesium atoms striking the emitter.
The resulting buildup of cesium ions in front of the emitter creates & sheath
potential at the emitter, as illustrated in Figure 3.1.1. This potential
distribvution has the effect of accelerating the emitted electrons and thus
imparts to them a considerable velocity which is later randomized because

of multiple collisions wvith the atoms and ions in the interelectrode space.
To satisfy plasma boundary conditions, a second sheath potential, vhich is
also shown in Figure 3.1.1,1is created at the collector.

Figure 3.1.1 defines nomenclature pertaining to the operation of the cesium
plasms converter: ‘z and ‘c are the emitter and collector work functions,
respectively; vzmvcmtbcomm.mfhmm; and V is the
output voltage, vhich is

Ve (dg-6) - (Vg + IR, ¢+ IR -V,), (1)
vh.renc. hth.voltnpdmplcmothteuiupm-mdml'uthmw
drop in the optimised emitter lead.

Ifwht!.hmhthhqouhmofthommhtbm,tb
corresponding randomiszed current I. wvill be given by

I, = V%, " n.c./aﬁ eamp/ca (2)
vhere
c, = VaT /a,, v, = ¢lectron production rate,
ohcmu/ualm ’

q.-ohctronch;rp,l.-ohmmnyhﬂnﬂu-,

m = o_hcmn " T

mtion(z)horntthmmtbohcmnhuiwl.umthm
vith sufficient accuracy. It is possidle, however, to eliminate the rendomised
current as & variadble by writing the following simltanecus equations for the
et current:

Vz
I-I.-I.q(-a.—), (3)
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Ve
I'I,m(--m;-)-lp- (4)

The first of these equations states that the emitted electrons are all
accelerated into the plasma by the emitter sheath and hence contribute the
amount I. to the net current. The net current is not I. because soms of the
electrons in the plasma have sufficient kinetic energy to overcome the emitter
sheath, and become captured by the emitting surface. This reduction in current
is expressed by the last term in Equation (3). Equation (4) expresses the net
current in terms of the sheath potential at the collector. The net current is
that fraction of the randomigzed current I. vhich reaches the collector, reduced
by the ion randomized current Ip vhich is transformed (at the collsctor by
electron capture) into a nsutral atom "current."

Equations (3) and (4) may be combined with Equation (1) to yleld:
v ot T Ty -
R ¥, il 2 (5)

and, if the IR drop is neglected,

s _dV + - RT. (6)
If the shesth potential V, is not much greater than kT,, Equation (3) shows that
Imdx.mofthoomorbrofmm. Therefore, provided that the
current I has sufficient magnitude (e.g., greater than 20% of I.), 1771’.
Bquation (6) thus becomes

ITETY, -7 e (M

Equation (7) is of great interest. It states that if the emitter temperature
is maintained constant (so as to make 1, constant), the resulting plot of V vs
o [(1, - 1)/1] should have the slope XT,.

To calculate the IR drop appearing in Equations (1) and (5), ve can assume the
plasma to be completely ionised. The electrical conductivity is givem by




d" - El%g-l-f—lr’ -a% m/l, (8)

3 2 5 a
P= 1afnan, nA D" 3.134 x 10 7, meter ,

9 - electron charge, k = Boltzmann's constant,

n = density of the electrons.

Predicted Performance of the Cesium Flasma Converter

From Equation (5) it is possible to construct curves shoving output and
efficiency for the converter if we choose certain parsmmtsrs of operation
and estimate the slectron teaperature in the cesium plasms.

The parameters chosen are:
emitter temperature = 2000°K,
cesium condensation terperature = 600°K
collector tempersture = 900°K,
spacing = 0,010 in.

Fron the Langmuir and Teylor data for cesium coverags on tungsten, we can
Gstermine the following:

emitter work function = 3.05 volts,
emitter saturstion current = 10 -p/aa,
collector work function = 1.81 volts.

Early data obtained at Thermo Electron Engineering Corporation indicated a
range in electron temperature of from 5000°K to 10,000°X. Curves have been
calculated for the extremss of this range.

The diameter and length of the emitter lead have been optimised for maximm
efficiency. This is necessary since a lesd with too large a diameter will
csuse & large heat loss by conduction, and a leed with too small a dismster
vill cause & large I°R loss. The IR in the cesium is meglected in these
calculations because they are generally quite small.,



The current voltage characteristics of the cesium plasma converter are

presented in Figure 3.1.2. The ideal efficiency, based only on electron cooling
heat loss, emitter=to=collector radiation heat loss, cesium conduction heat
loss, and optimized lead conduction loss, is plotted against voltage in

Figure 3.1.3.

Subsequent tests of thermionic devices show a reasonable agreement with the
theory except that it appears electron temperatures are frequently below

5000°K and the internal impedance characteristics of the converters are much
higher than would de indicated by the calculations. In the course of the
theoretical study, it became evident that more data would be necessary to
pinpoint the exact operating conditions of cesium plasma converters. An
experimental program was formulated to study electrical output (current and
power versus voltage) and efficiency as functions of the important variable
parameters, namely, the emitter, collector, and cesium condensation temperatures,
and also to stuly the transient changes in output associated vith sudden changes
in applied load.

3.1.2 Design and Construction of the Cesium Plasma Test Converter

The final design of the cesium plasma test converter was completed early in
October 1960. The converter cross-section is shown in Figure 3.1.4. In the
final design, s metal ceramic insulator with a large inside diameter was used
to permit recessing of the tantalum emitter into the emitter casing. This
shortened the copper collector and made the entire comverter more compact.
Cylindrical radiators were machined as integral parts of the emitter casing
and the collector. Two long copper tubes were comnected to the collector half
of the casing. A copper block, grooved to accept insulated heater wire around
it,vas brazed near the end of one tube. This block is the cesium reservoir.
Its temperature can de controlled to the desired cesium condensation temperature
by passing current through the heater wire. The cesium capsule is vwithin the
copper tude below the cesium reservoir. A copper plug is drased into the dottom
end of the copper tude. The second copper tube is the evacuatiom tube, vhich
1is connected t0 a vacxm system cspedle of maintaining pressures of the oxder
um"‘-m.
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The collector heater is a tungsten filament through vhich alteraating current
is passed. Part of the heat radiated by this filament is absorbed by the
collector, thus increasing the collector temperature. The ends of the filament
are brazed oato molybdenum cylinders, vhich in turn are brazed onto cerarmic
petal leadthroughs. The two leadthroughs are brazed to & mounting plate.

The electron heating filament is mounted Just atove toe emitter. It is
identical to the collector heater as far as support structure is concerned.
The tungsten filament is S-shaped, vith the plane of the S parallel to the
surface of the emitter.

The brases used vere chosea on the basis of mechanical strength, ductility,
wettability, vacuum-tightness, melting point, and vapor pressure. Since little
data on the corrosive effects of cesium on these brazes wveas svailable, and a
1ife of only about 50 hours was nscessary, no effort wvas mads to test the
Srases in a cesium atmosphere before constructing the converter.

The completed convertsr was outgassed, evacuated, and crimped off. The cesium
capsule vas crushed, and the cesium tubs heated to drive the cesium into the
test converter. Then, the cesium tube wvas crimped and severed just belcv the
cesium reservoir to eliminate the crushed glass capsule.

The unit was then mounted on its leadthrough ring by connecting alumina tubing
between the unit and & mounting plate and connecting threaded stainless steel
rods between the mounting plate and the leadthrough ring. The thermocouples
and leads were attached to leads from the lesdthrough ring, and the top plate
(carrying the electron-heating apparetus) was put into place. A viev of the
entire test assesmbly is given in Pigmre 3.1.5. Exteroal leads, meters, powr
supplies, and associated test equipment are not showa.

Preliminery Evaluation
Vhen the test setup was completed and the vacum suwrrounding the converter was

satisfactory, the cesium convertsr wvas ready for test. The emitter was slovly
heated to about 2000°K. It wvas left at this teapersture for about ome hour,
by the end of which tims the emitter cesing aad collector casing had reached
oguilibriua temperetures. These equilidrium temperstures, obtained with mo
hoat applied to the collector or cseium reservoir, were 850°K on the colleetor,
sbout 8320°K on the collector easiag, STOK cu the emitter cssing, aad 500°K cn

»



ELECTRICAL CHARACTERISTICS STUDY TEST CONVERTER

i9



the cesiuxz reservoir. The temperatures mesasured were very close to the
predicted (design) temperatures for no collector or cesium-reservoir heating
and an enmitter temperature of 2000°K. It was found that a constant emitter
tezperature vas fairly easy to maintain for the length of time necessary to
take current-voltage and other necessary data. The emitter temperature vas
found to te controllable from the lowest to the highest values desired.

The collector heater wvas used to obtain high collector termperatures, and vas
found to be very satisfactory and easily regulated. The cesium reservoir heater
wvas capatle of producing cesium condensation temperatures of over T00°K, the
highest temperature of interest. It was quite simple to regulate and came to

& constant equilidrium temperature in a very fev minutes. A constant cesium
condensation texperature is a necessity vhile making tests, and ves readily
obtaized in this unit. The maximum deviation (fluctuation) occurring during
all tests vas 2°C. >yrometer temperature measuremerts appeared to be fairly
easy to obtain, provided that the side of the emitter next to the top edge

vas read /to avoid the effect of reflections from the electron-heating filament)
azi that the temperature correction for tantalur ves used. Deposits occurred
on the glass wall of the vacuuz envelope, making accurate measurement of the
exitter temperature difficult. The tantalum emitter appeared to become
yellowish, and perhaps chazged subtstantially in emissivity. Taking the above
into consideration, it appears that the emitter ‘texperature as read ty an
optical pyrometer vas vithin 100°C of the true emitter terperature. Eowever,
during each current.vs-voliage test, it was possitle tc maintain the emitter
tempevature constact wvithin 10°C.

Test Results
The test results are summariszed in Figures 3.1.6 through 3.1.3.

The results were very encouraging in that high power cutputs were obtained and
the effects of emitter, collector and cesium reservoir temperstures and inter-
electrode spacing were easily observed. In retrospect, it is nov cbvious that
the very high values of current and power density were misleading. Subsequent
testing of other units, using more sophisticated techniques, bas indicated that
areas other than the calculated emitter area were probably contributing to the
measured value of power output in the test vehicle under consideration. There-
fore, vhile the shape of the curves and the relative trends of the curves with

20
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respect to emitter, collector and cesium reservoir temperatures and inter-
electrode spacing are significant and useful, the magnitude of the values of
pover density and current density must be discarded in favor of more recent
experimental results. At the time that these experiments were performed,
however, the results provided a mucheneeded framework for guidance in converter
design.
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3.1.3 Thermionic Generator Tests and Evaluation

Introduction

Two thermionic generators have been built under this program. The objective
of the program is to obtain data on the performance of two promising state=
of«the=art thermionic generators which can be utilized in the development of
a prototype generator for incorporation in advanced thermionic power systems
in the 1-10 KW range for aerospace applications. The first generator assembly
consisted of two 200~watt cylindrical geometry converters comnected in series
vith a DC=DC converter to raise the output voltage from 2 to 28 volts DC. A
complete description of the twomconverter generator and the test program
carried out on this cylindrical configuration is presented in Part I of the
Performance Test Report, Item IV under comtract No. AF 33(616)=Till. The
second generator assembly, celled the cubical cavity thermionic generator,
was subsequently tested and the pertinent data was presented in Part II of
the Performance Test Report.

This second generator configuration consists of five thermionic converters

of identical design mounted in a cubical block. The converters are shaped

80 the emitters form a small cubical cavity absorber within the generator
assenbly. This configuration differs from the cylindrical geometry converters
in that a higher output voltage can be obtained from a single assembly of
converters that form the solar cavity sbsorber for a single solar concentrator.
The cavity is efficient in utilizing solar energy, and the converter design

is felt to be far more reliable from the structural standpoint.

200=Watt Cylindrical Gemerators

Systematic tests have been carried out on the two 200-watt thermiomic
converters. A complete set of characteristic performance curves has been
obtained for both converters under a variety of operating conditions.
BSufficient data have been obtained to permit a complete optimirzation of all
pertinent parsmeters for this converter configuration. The characteristic
data is intentionally related to input power to fulfill the need under this
prograa for an evaluation of converter performance associated with a constant
pover input from a solar concentrator. The presentation is extended,however,




t0 relate overall performance to emitter temperature to permit a comperison
with data generated by other investigators and to simplify the analysis of
converter performance.

Each of the converters was found to function well during all tests. Units #1
and #2 were shown to possess an overall efficiency of 10,6 and 13.64 respec-
tively as determined by the ratio of electrical output to total electrical
input. Unfortunately, some performance degradation was observed in Unit #2 in
the course of the testing. A decline of about 1.5% wvas observed in Unit #2.
Unit #1 on the other hand had experienced an improvement of about the same
magnitude during the first few test runs,thereby raising its efficiency from
9% to nearly 10,64 under optimum conditions. The reasons for these changes
are not known for certain, nor is a complete explanation available for the
difference in performance between units #1 and #2. The most logical explana-
tion that can be made at this time is that impurities and outgassing cause
the difference noted in these units. However careful examination of the
disassembled converter #2, which failed during the test series and was
subsequently rebuilt, showed no sign of contamination or breakdown of the
electrode materials.

As experience was gained in the operation of the converters it was found
possible to extend the operational and data range. At first some concern
was felt over the possibility of overheating the emitters, and overstressing
the seal assembly in the higher voltage or open circuit region of testing.
Fortunately, as the test proceeded it was found possible to make what are
felt to be fairly accurate readings of temperature in the emitter cavity
despite complications of geometry and electron bombardment heating. Because
of this it was then possible to observe temperature changes which resul ted
from load variations and assure that no damage would result from the practice
of testing over the entire wvoltage scale of the converter. This extension of
the test region,coupled with the pyrometric temperature measurements,subse-
quently permitted the generation of complete parametric type perfourmance data.

Following the completion of individual tests the two converters were connected
in series and operated as a generator. The combined outpnit of the converters
in series wvas found to be about 320 watts under optimum conditions,but the

27



e e EGAERE A T Y

overall output with the DC-DC converter as part of the generator assembly was
only 149 watts due to the relatively low efficiency of the electronic cir-
cuitry. The mismatch between the thermionic generator which produced
maximm power output at 1.5 volts with the two converters in series, and the
DC=DC converter which was designed for maximum performance at 2 volts reduced
overall efficiency to about 5%.

Of particular importance in the series testing was the observation of a
passive mode of operation in the converters. In this mode it was noted that
a converter in series can actually be made to operate as a simple forward-
conducting diode or even as a power consuming element in the circuit. This
mode of operation is induced by improper maintenance of cesium coverage on
the emitter.

An attempt to analyze converter performance data was also made using current
theory. Here some discrepancies were noted. The principal source of diffi-
culty seems to stem from the fact that in the high current regions the
thermionic converters act like purely resistive devices. From this it is
suggested that the mechanism of operation is not adequately understood, and
that methods used to calculate plasma impedance are not adequate. It is
concluded that more data will be required from converters of different con-
figurations and of different materials to more clearly define the high
pressure plasma mode of operation.

Test t and Procedures

The basic vacuum test stand is shown in Figure 3.1.10. This photograph

shows a single converter mounted on the right half of a U4 inch dual vacuum
system. Also shown are the low impedance water-cooled load bank on the front
of the stand, the main bombardment power supply, piggy back filament heater,
thermocouple potentiometer, vacuum control panel and assorted meters for
neasuring converter characteristics and power outputs. Alsc shown are several
of the blowers used to cool the pyrex vacuum envelope and the nitrogen
reservoirs and supply tank. Not shown is the pyrometric equipment used to
obtain temperature measurements in the emitter cavity.




DUAL VACUUM TEST STAND

Fig. 3.1.10
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200 Watt Converter Assembly

The converter configuration used in this test program is shown in the half
section view in Figure 3.1.11. This design utilizes an emitter which is
compatible with solar povering. The cylindrical cavity emitter configuration
is an efficient absorber of radiant energy. It can be seen that by removing the
electron gun assembly and modifying the thin support section between the
emitter and emitter radiator this assembly could be made t0 accept concentrated
solar energy.

The following general specifications and dimensions apply to this configuration:

Baitter material - tantalum
Collector material - copper
Electron gun = molybdenum
Filaments - tungsten
Insulator assembly = high density alumina
Emitter diameter - 1.06 inches
Emitter length = 1.45 inches
Electrode spacing - 0.006 iuches
Emitter area - 31 cm2
Emitter design temp. - 2000°K
Collector design temp. - 915%

The performance characteristics under constant input power conditions are
shown in Figures 3.1.12 and 3.1.13 for near optimum conditions for Unit #1.
Figure 3.1.14 shows a comparable optimized curve for Unit #2 showing an
overall efficiency of 13.6% at over 200 watts output. The operation of the
converters under non-optimum conditions with a constant input power can be
summarized as in Figure 3.1.15 shown for Unit #2 with a variety of cesium
temperatures.

The tests carried ocut were directed towards developing optimization curves
of cesium temperature,collector temperature, and load voltage as a function
of emitter temperature, as shown in Figures 3.1l.16, 3.1.17, and 3.1.18.
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Universal Characteristic Performance Map

From the data relating temperature, power input, and load current, a universal
performance map was developed. By plotting the load voltages measured at the
various current levels for each power input, as shown in Figure 3.1.19, a
well defined picture of converter characteristics emerges. As shown in
Figure 3.1.20, a plot of temperature versus voltage can be generated with
current on a per square centimeter basis as a parameter. With this second
figure, it is possible to determine the load characteristics of a converter
for any given temperature. These data are applicable to any converter design
and will indicate the optimum performance if the same materials, spacing, and
optimum or near optimum values cf cesium and collector temperature are used.

Series Operation of Two 200-Watt Cesium Vapor Converters

At the completion of individual testing, both units were connected and
opereted in series. The converters were made to operate satisfactorily at
a reduced overall efficiency, but a basic problem connected with series
operation was uncovered. The solution to this problem was to operate the
converters at other than optimum cesium pressures with some sacrifice in
performance.

Both converters were series connected and brought up to what had been optimum
conditions in previous tests. Measurements showed that under these conditiomns
very little power was actually delivered to the load. In fact, one converter,
Unit §#2, seemed to be acting as part of the load. The polarity of the

voltage across this unit had reversed. Unit #l had a + 0.8 voltage, Unit 2,

a = 0.6 volts with + 0.2 volts appearing across the load at a 200-amp current

level. Overall efficiency in this condition was less than 2%.

By increasing cesium pressure or reducing the emitter temperature in Unit §2,
the polarity could be made positive and the load power greatly increased. It
is apparent that the cause of the voltage reversal is associated with emitter
work function, and, in particular, with an increase in work function due to a
deficiency in cesium coverage. Subsequent adjustments in cesium temperature
gave a nev set of optimum conditions for series operation. Peak outputs of
nearly 310 watts at 9.5% overall efficiency were obtained.
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The plot of the serles data presented in Figure 3.1.21 is a composite of data
obtained during tests conducted on two separate days. The cesium pressure
and input power levels are nearly the same for all points, however, and the
voltages noted for each individual converter were approximately the same.
Unfortunately, the premature failure of converter #2 under tegt restricted a
further examination of factors affecting series operation.

At first 1t was concluded that the previously noted difference in efficiency
between Unit #1 and #2 was responsible for reversion to the passive mode of
operation. It appeared that Unit #2 had to be deliberately operated at a
non~optimum point as indicated by the fact that a 380° cesium temperature was
required to obtain a condition where the voltages were approximately equal
and additive. Closer examination of the data sheets, however, disclosed that
it is quite possible that a leak in Unit §2 was causing a reduction in the
Plasma pressure.

It was noted on the data sheet of this test that the vacuum in chamber #2
had risen to 4 x 10™° mn Hg. This would indicate the possible introduction
of a high-vapor-pressure substance such as would be experienced with a cesium
leak. It follows that if cesium vapor were leaking out of the converter a
higher pressure would be required in the cesium reservoir to insure a suffi-
clent quantity of cesium vapor in the interelectrode space,and to make up for
the decline in pressure that would be associated with a leak into the vacuum
chamber.

The test carried out on the 200-watt converters covering a wide variety of
loads such as motor, resistive, static converter and others under steady state
and transient or cyclic conditions demonstrated the feasibility of using
thermionic converters for orbital applications. The relatively high failure
rate assoclated with the cylindrical geometry generators also indicates the
need for further development and improvement to make the utilization of this
highly efficient configuration practical.
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The Cubical Cavity Cenerator

The concept of a cuvical cavity generator was the result of a desire for a
thermionic generator which would have an ocutput potential of about five volts
from a single solar concentrator, single generator configuration. Therefore,

if the above stated obnjective is to be achieved, it is necessary to arrange a
group of converters so that the emitter of each is close to the focal point of
the concentrator aid so that the converter leads may be connected in series.

The arrangement must be such that the maximum amount of energy which is directed
to the focal point by the concentrator is absorbed by the converters.

By arranging five flat converters to form a cubical cavity, the heat losses are
reduced with a minimum of complication to the converter. The sixth side of the
cubical block faces the solar concentrator and admits the concentrated solar
energy. The system is deasigned so that the focal plane of the concentrator is
coincident with cavity aperture.

Initially, the objective was the development of a laboratory prototype generaior
to be heated by electron bombardment. The design goals for the converters to be
used in this generator are given in Table 3.1.1. A generator design was pre-
pared and development was begun. The result of this work was the converter
which is showm in Figure 3.1.22.

Over 100 hours of testing were accumilated on this converter. The most signifi-
cant results are given in Table 3.1.2. These tests taken together with data
from other programs showed that a number of improvements could he made in both
the converter and the generator design. At the same time it became desirable
to fabricate a generator vhich could be solar tested in the TRY solar test
facility. A complete redesign was, therefore, instituted.

The generator which resulted from the redesign is shown in Figure 3.1.23. This
design allows solar flux from a 60° rim angle concentrator to reach the cavity
and has a sufficiently massive support structure to permit conduction cooling
of the block during solar test. The converter which was developed for this
generator is shown in cross section in Figure 3.1.24. _The reentrant emitter
design is maintained but a simple tantalum emitter is used instead of tungsten.
This change was made to simplify fabrication and improve reliability. The seal
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TABLE 3.1.1

DESICN GOALS FOR LABORATORY PROTOTYPE CONVERTER FOR CUBICAL CAVITY GENERATOR

Emitter Temperature
Collector Temperature
Cesium Reservoir Temperature
Emitter Area

Interelectrode Spacing
Output Voltage

Output Current

Power Density

Power Output

2000°K
1000°K
650°K

4.12 en®

4 mils

1 valt

41.2 amperes
10 \.m;t.ts/cm2

41.2 watts



Fig. 3.1.22 40 WATT THERMIONIC CONVERTER
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TABLE 3.1.2

LABORATORY PROTOTYPE CONVERTER CHARACTERISTICS

Emitter Material: Tungsten
Pmitter Area: 4.28 cn®
Emitter Temperature: 2048°%
Collector Material: Molybdenum
Collector Area: 4.28 cm®
Collector Temperature: 923°K
Interelectrode Spacing: .OOA"

Voltage: 0.9 valt 1.0 volt
Power: 30.6 vatts 27 watts
Power Density: 7.15 w/c:m2 6.35 \r/cm2

Cesium condensation temperature 645°K

Msasured Output
Efficlency = myoTated Hest TeJected T ORERE

= 130“
Operation: 116 hours, 23 cycles with no degradation

Specific Power: 12.25 watts per lb.
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CUBICAL CAVITY GENERATOR ASSEMBLY
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structure is more compact and eliminates the space required by a floating type
seal. Thus, the entire converter is smaller in diameter and the 60° rim angle
for the aperture plate is obtained. The cesium reservoir is of such a nature
that the converter can be operated in any position without difficulty. Even
vhen the converter is inverted, the cesium will remain in the reservoir. Table
3.1.3 gives the design goals for the converter to be used in the cubical cavity
generator. The actual converter is shown in Figure 3.1.25.

Preliminary cests were carried out on each of the five converters used in the
cubical cavity assembly to determine individual characteristics and assure

proper operstion in the assembly. These preliminary tests indicated some differ-
ences in converter performance existed because the converters were found to
develop different pover outputs and to require slightly different cesium tempera-
tures for proper operation with nearly the same emitter temperatures prevailing.
These differences were small, however, and not of serious consequence so far as
the generator performance was concerned.

The generator was found to function well under test. The generator demonstrated
a performance capability comparable to the cylindrical geometry generator with
the advantage of a higher output voltage available to the load. No deterioration
in performance was experienced during more than 72 hours of laboratory tests.
Also, the design was 80 nearly optimized as t0 permit operation near the design
point without the need for cesium heater power input.

The nature of the electron bombardment heater circuits used in the laboratory
test of this five-converter assembly precluded rapid start-up and cyclic testing.
This is not felt to be a serious defect, however, since a prototype converter of
identical design but not charged with cesium was capable of withstanding hundreds
of on-off cycles without loss of structural integrity when tested alone. All
other types of tests could be conducted satisfactorily with the cubical cavity
generator assembly.

All pertinent data, including a reasonably good measurement of emitter temperature,
was taken satisfactorily throughout the testing. It became apparent that there
were scme defects in the thermocouple instrumentation used to measure cesium and
radiator temperature, but the errors introduced can be adequately accounted for.

50

O U P




TABLE 3.1.3

THERMIONIC CONVERTER SPECIFICATIONS FOR

100-WATT CUBICAL CAVITY GENERATOR

Eaitter Temperature 2000°*K
Collector Temperature 950°1
Cesium Reservoir Temperature 650°
Enitter Area 3.08 cn®
Interelectrode Spacing 2 nils
Output Voltage 1 volt
Output Current 20 amperes
Power Density 6.5 \'r/cm2
Power Output 20 wvatts






Meesurements of voltage and current are accurate and meaningful due to a novel
loading technique wvhich was employed in obtaining characteristic curves.

It was found that most of the data acquired on the two cylindrical generators
was verified by the measurements made with the cubical cavity generstor. In
some instances, however, there were significent differences found in the
operating characteristics of each generator type. The cubicel cavity generator,
for example, was found to be far less sensitive to cesium temperature variationms,
and the shape of the typical load curves does not change greatly from low cesium
vapor pressure to relatively high vapor pressures for a given power inmput.

The complete generator, including all assoclated leads, electron gun assembly
and vacuum feed through base plate, is shown in Figure 3.1.26.

The generator is shown mounted on the vacuum test stand along with other associ-
ated support equipment and instrumentation in Figwre 3.1.27. The test set-up
includes a vacuum system capable of maintaining vacuums of about 2 x 10-6 under
operating conditions, a conirol and meter console with internal resistive loads,
two DC and ome AC power supplies, a dual channel recorder, XY plotter (not shown),
a CVC cold cathode vacuum gage, and a 20=-power Pyro Micro Optical Pyrometer. A
multi-point switch 18 also used to select individual thermocouple readings on the
generator for entry into one of the dual recorder channels., The vacuum system

is also fitted with a liquid nitrogen cold trap and four auxiliary cooling fans
directed at the bell jar enclosure.

Test Results = Cubical Cavity Generator

Numercus load characteristics curves were generated during the test activity.

A series of typical I~V and efficlency curves are shown in Figure 3.1.28 to
Figure 3.1.30. These curves were obtained for three different power inputs
with optimum or near optimm cesium temperatures. The data points were obtained
by the losd-switching techmique with the generator performance under nearly
constant temperature conditions and under conditions of nearly comstant cesium
coversge.

One of the most gratifying features of the generator tested is its reduced sensi-
tivity to variations in cesium coversge or reservoir temperature. Also, the
generator was found to work reasonsbly well even vhen one or more of the oon=
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verters was poorly optimized. In many instances it was very difficult to detect
improper cesium temperature from the shape of the generator curve. Figure 3.1.31,
for example, shows a plot of four I.V curves which, from initial appearance, might
be considered a family generated under different input power conditiors. Curves
71 and #3 are taken at the same power input however and the difference in slope
and efficiency is a function of cesium coverage only. Curves #3, #, and 6 are
taken at different power inputs with nearly optimm cesium coverage. Curve A
however was taken during the warm up period before proper cesium temperature was
reached by the reservoirs. All converter voltages were well matched for each of
the four curves.

The determination of an optimm cesium temperature as a function of emitter tempera-
ture is very difficult. With five converters to monitor and with the introduction
of erraors in the thermocouple data due to the junctions established by the feed~
through arrangement, it is not possible to present a concise picture of cesium
temperature optimization. The picture is further obscured by the fact that all
converters are not exactly alike, nor is it certain that all emitters are at the
temperature observed in emitter 4. It is,in fact,very fortunate that a genera-
tor has been found to operate so well considering the lack of precise control and
measuremsnt in the areas mentioned.

The best approach that can be made based on the data availavle is to present a
composite plot of average cesium temperature versus emitter temperature. A
comparison between this data curve and the optimm curve obtained from the tests
of the 200 watt generators is shown in Figure 3.1.32.

It appears that a somevhat higher optimum cesium temperature is required for the
cubical cavity generator. This requirement is felt to be justified because the
dzcrease in electrode spacing would necessitate a slightly higher cesium pressure
to provide the required mumber of ions needed in the reduced volume to assure
propexr space charge neutralization. Again however, because of the lack of pre-
cise data, no positive conclusions can be drawvn. The data shown here is sufficient
to provide reascnable design data for future generator development,but most
certainly should be supported by sdditional test results.

The optimization of gensrator or converter voltage as a function of emitter tempera-
ture is obtained by plotting the voltage at points of peak efficiency at several
different power inputs versus emitter temperatures. Several points from test run
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#13 are shown in Figure 3.1.33. Also shown in this figure is the optimization
curve for the 200=watt converter. It appears that the closer spacing results
in a reduction of the optimum voltage for a given emitter temperature. The
exact reason for this reduction 1s not clear. Neglecting the possidility

that this discrepancy may be due to errors in the dats, it is suggested that

the reduction mey be due to a compression in the barrier sheath at the collector
surface, A second possibility i1s that the collector itself was not optimized

t0o permit proper cesium coverage and maximur output voltage. The amount of the
discrepancy is slight and the data very limited. It is therefore felt that no
sound conclusions can be drawn at this point.

Maximm obtainasble efficiency with the cubical cavity generator is developed by
plotting peak efficiency from various tests against the related emitter tempera-
ture in Figure 3.1.34. The crosses and dots represent data taken with the
cubical cavity generator. The solid line is taken from the efficiency cvrve
generated by the data from the 200=watt generators. The distinction msde
between the date represented with the crosses and dots is that the cross data
was obtained with the generator optimized at about 5 volts, es compared with a
more ideal 3 to 3.5 volts for the dots. This illustrates the advantage of
optimizing the generator at something less than its design value, with a
corresponding increase in performence at lower input power levels or lower
emitter temperature.

The signficance of the efficiency plot shown here is that it indicates very
strongly that both generator configuratioms will be equally efficient for a
given emitter or cavity temperature. Therefore, it might be that the same power
output could be expected for a given solar energy input in a system application.
This, of course, assumes the effective emitter areas are similar and the cavity
absorber efficiency will be identical for each generator. If this is the case,
then the cubical cavity generator will have a decided advantage in a systems
application because of its inherent higher voltage output and lesser IZR losses.
Also, the highsr voltage generator may have additional sdvanteges due to the fact
that in a system it is likely several generators would be operated in parallel
for higher relisbility. With the single converter generator, it is mandatory
that all system modules be series-comnected to cbtain higher voltage and system
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The cublcel cavity generstor did not attain the maximum efficiency of 12 to

13.6 percent reported for the 200-watt generators » but it has developed comparable
efficlencies based on emitter temperature. It appears that it 1s quite reasonable
to expect improvements in performance equal to or in excess of those reported for
the 200=watt converters at higher input power levels and emitter temperatures.

The testing carried out with the cubical cavity generator was intentionally
limited to insure its survivel for a subsequent solar test without necessitating
expensive repalr or rebuilding. The data taken at more modest power inputs is
sufficient for comparison with the 200=-watt converters and at the same time
provides data which it is hoped will be capable to the solar test data.

In order to permit a valld comparison of the 200-watt and cubical cavity
generators, it is necessary to make a calculation of corrected obtainable
efficiency. This calculation is carried out to permit a separation of the losses
assoclated with the electron bombardment heating assembly. This includes only
heat lost in the gun assembly by radiation and in the 12R and thermal conduction
losses assoclated with the hester lead lines. Since a similer calculation wes
carried out for the 200-watt converters, it will then be possible to weigh the
performance of the two generalcis exclusive of any losses peculiar to the
laboratory test set up and not inherment in the generator assenmbly. The cavity
absorbers would in each generator contribute additional losses in a solar systems
application. Because these losses would be nearly identical for a given solar
concentrator, which would fix the power level and sperture size, it is possible
to evaluate the generators on the basis of intrinsic efficlency alone for any
given emitter temperature.

A comparison of the corrected efficlency for each generator type shows almost
identical performance. Maximun efficlency obtainable is plotted in Figure 3.l1.35.

Parametric Performance Characteristics

The multiconverter generator assenbly does not lend itself well to a study of
individual converter characteristics. It 1s not possidble to insure that all
emitters are at the exact same temperature nor that all converters are optimized
at the same point. It is likewise impossidble to say that electrode spacing is
+0020 inches in all cases. Recognizing that there are some variations in the
operating conditions attributed to the converters, and in the inherent performance
characteristics of the five converters, a teclmique using average values and near

optimm conditions (as can best be determined) is employed to generate a parametric
performance curve,
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"aving learned that coptimum performa:rce occurs at avbout 3 vel%s,a set of four
curves talen during tes: ‘13 is used to develop the parametric curves. The
preparation of this parumetric data i5 greatly simplified in this test series
because of the point Ty point technique for o taining data at constant power
input and temperature.

Jsing current as the abscissa and emitter temperature as the ordinate, vcliage
is plotted as a parameter. This plot is shown as Tigure 3.1.36. There is
reason to believe from the shape of the curves at the higher temperature ané
voltage that the origiral data taler. was not acquired under truly optimum
conditions. If this is rnot the case, ther the difference bvetween the shape of
these curves and those showr. for the cylirdrical generator must be atiributed
to the cha:ge in spacing.

Special Test Pesults

The various types of loads srecilied in the cc .tract work stateme .t were arplied
to the cubical cavity generator. These loads include the arplication cf resis-
tive, inductive, solencoid, motor DT-DC cunverier. ard inverter loads. Also,
several of the loads were operated with the gereratcr placed in series with,or
in parallel with,an automotiv e tattery.

Tn no instance was any unfavorable response rioted in the gererator. ILoads of

any type,vwhen properly matched to the generator,will rasult in performance and
response identical to that experienced with simple resistive loads. The generator,
vhen properly matched with a battcry in either series or parallel connection, will
function normally. In series operation, a generator and battery aid each sther
according to their current and voltage characteristics. Parallel operation is
equally dependent on these characteristics in obtainirg a division of load power.

Conclusions

*Nuch has been learned about the performance capability of thermionic generators
from the tests carried out in this program. Earlier in the program it had been
established that the vacuum close spaced converters were not compstitive with
cesium vapor types from a structural reliability, or performance standpoint.

To make the program more msaningful ,the efforts had been redirected from carryirg
out a comparative evaluation of the vacuum and the cesium vapor type coanverters
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to a comperison of two promising cesium converter configurstions. To meske the
test evaluations directly appliceble to the development of a useful powers
generating system, the configurations were realistically sized and designed for
heating with a precision solar concentrator. The designs were further restricted
by specifying that the systems application would be that of providing power for
a space vehicle operating in a 35-55 minute shade-sun orbit. Based on these
objectives two generators were developed. The first design concept utilizes

a cylindrical configuration, with the emitter in the form of a closed cylinder,
the collector completely enclosing the cylinder walls, and only a small annular
cesium gap between the two. For solar operation, one end of the cylinder
assembly 1s closed off with a thin tantalum membrane to contain the cesium

vapor while at the same time permitting solar flux access to the cylinder cavity
sbosrber. The second geometry uses five smaller converters arranged to form a
cavity absorber for concentrated solar energy with the back side of the emitter
faces. In the second assembly each converter is self-contained with its own
cesium reservoir. With small changes, both generators could be incorporated in
a solar module and used as part of a system.

The tests carried out on the two configuratioms have shown that each is capable
of prodgcing sizable power outputs of from 100 to 200 watts. In both cases the
limitations imposed by the electron bombardment heating equipment made it some-
vhat difficult to exploit the full capability of the generators. The technique
employed did however demonstrate that both configurations are responsive and are
capable of generating power under various conditions, including many types of
loads and cesium pressures and at different input power levels. The actual
performance characteristics obtained were nearly identical when related to a
given emitter temperature. The small variations which were noted can be
attributed to the reduction in spacing between the emitter and collector in the
second cubical cavity assembly. No insurmountable difficulties have been experi=
enced with eilther generator. All types of resistive, motor, inductive, inverter,
and converter loads were easily accepted by the generators. The dynamic response
to step changes is almost instantaneous and, except for problems assocliated with
the bombardment heating techniques, no problems were encountered. The thermal
response of the generators is, of course, related to the size and mass of the
individual units and the given system requirements. With the generators tested
it appears there would be only a small percentage of power output lost due to
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the warm-up characteristics in an orbital application. To insure long life the
generators should normally be protected for sudden and total loss of load which
will cause high emitter temperatures and thermal stresses.

The 200=-watt cylindrical geometry converters have produced more power and higher
over-all efficiencies of over 200 watts and 13.6% as compared to 122 watts and
T.6% for the cubical cavity generator. This does not indicate a superiority on
the part of the cylindrical geometry however. When the two 200=-watt converters
were operated in series the maximum output power was 310 watts. The efficiency
was 9.6%. With the data taken from both generators compared on the basis of
emitter temperature, it is found that only a few tenths of a percent difference
in performance exists. (And when the losses assoclated with the cavity absorbers
are taken into account, it may even be possible the cubical cavity generator will
show a marked superiority.) Very sizable losses are certain to be associated
with the support membrane required to hold the emitter in place and retain the
cesium in the cylindrical assembly. Further, it is shown that an improvement
in performance is attained with the cubical cavity converters due to the ability
to reduce interelectrode spacing. The actual watt density is shown to be twice
that of the cylindrical gecmetry at a given temperature. In summary, it is
stated that the apparent superiority shown by the cylindrical geometry is due
only to its having been operated at higher temperatures with a correspondingly
greater efficiency, and due to an improved loss picture which is associated
s0lely with the electron bombardment heating arrangement. Discounting these two
factors, the generators are equally efficient, with perhaps the greatest
opportunity for improvement lying with the small planer converter configuration
used in the cubical cavity generator.

In several other respects the cubical cavity generator is more satisfactory.

From a reliability standpoint the smaller converters used in the cubical cavity
generator are better. Converters of this and similar designs have shown a toler-

ance to hundreds of hours of operation and cyclic tests. The 200-watt converters

were each rebuilt during the test program to permit the completion of the tests
required over a period of only 40 hours. The cubical cavity generator had had

over T2 hours of testing rlus the hours accumulated on individual converters prior

to assembly with no loss or reduction of output. The principal areas wvhich cur-

rently limit life expectancy are the alumina seals and the thin tentalum emitter support
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sections. The improvement in the seal assembly in the cubical cavity comnverters
is largely responsible for ites longer life. The susceptibility of the thin
tantalum support sections to carburization end cracking is equally present in
both wmits although somewhat less severe in the larger assembly which can toler-
ate a heavier wall section. High purity metals and clean hard vacuums will
eliminate this area as a source of failure,

The higher voltage output of the multiconverter generator may also be advante=
geous in systems applications requiring modest power output. The cylindrical
converters must be series-connected to produce higher voltages. This requires
& larger number of concentrators than would be needed if the multiconverter
configuration is used. It is recognized that this need not always be true but
generally it is more efficient to work with higher voltages and less currents.
This is particularly true if a DC=DC converter is to be employed in the systenm.

The shape and size of the smaller converters also lends itself to mass produc=-
tion and assembly into a number of alternate generator configurations with more
or fewer converters. Also, the geometry i1s such as to permit close control
over spacing, a factor which will probably contribute more than anything else
to improvement in performance.

It is recommended that the multiconverter assembly be the subject of further
development and improvement for incorporation into aerospace systems. Additiomal
tests of individual converters t> further explore performance characteristics

and the effects of changing spacing and materials should be undertaken. Testing
of the completed generators at higher power and temperatures with improvements in
instrumentation and access to all pertinent temperature points is very desirable
to substantiate the findings of this report. Additional efforts to improve
cavity geometry and absorber efficiency will also contridute greatly towards the
development of a space-worthy system. Reductions in radiator size and weight end
the development of suitable automatic cesium reservoir temperature controls and
flux or emitter temperature controls will be necessary for a prototype systea.
Developments in these areas, combined with improvements in febrication and
assenbly techniques and the selective assembly of matched converters into
generator clusters, csn be expected to yleld generators capable of efficiencies
above 12% for solar applications.
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3.2 Solar Receivers

A solar receiver may be classified as either a flat plate type or a cavity
type. The function of the receiver, placed at the focal point of a solar
concentrator, is to absord a large fraction of the energy incident upon it
and to limit the amount of energy reradiated so that the net useable thermal
energy is a maximum. The receiver may be either a flat plate selective
absorber or a black body cavity.

Advancement of the state-of-the-art of selective absorbers has been limited

to absorbers which are considerably below thermionic converter operating
temperatures. The choice of materials for use at the anticipated operating
temperatures is very limited. None of the high temperature materials has
promising properties as a selective surface absorber. The use of cover glasses
does not appear promising because: (1) the increase in efficiency is marginal
and (2) the glass may become coated with metal evaporated from the receiver
surface.

The state-of-the-art of cavity receivers has barely begun to advance. Some
experimental and theoretical investigations have been conducted to determine
the effective emissivity of the simplest cavity geometries. However, inves-
tigations of the more important property, solar absorptance, have been very
fev. The investigations which have been made have been theoretical and have

required gross assumptions as to the specularity of the interior walls of the
cavity.

The need for a receiver of the cavity type for solar thermionic systems in
order to obtain high overall system efficiencies is clearly illustrated in the
following consideration. Receiver efficiency may be defined as the ratio of
the power retained by the receiver to the power incident upon the receiver.

The incident power is:

Pm = qQ A e NQ (9)
where: = solar flux incident orn the concentrator
= area of the concentrator

q
Ac
N A concentrator efficiency
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The power absorbed by the receiver is:

P = qA N, (10)

abs

where: <X = receiver absorptivity

The reradiated power is: "

Poop * AgdT (11)

where: A
€ = receiver emissivity

receiver area

o~ = Stephan-Boltzman radiation constant

T = receiver temperature

P P
Receiver efficiency is then: N = -S0S._Ter (12)
T P
ine
X QA N -A g€ Tu
- ¢ C r (13)
q A, N,

Ac/Ar is the area concentration ratio, C_

Then L
’ N sdfeET £ (14)
T qcl Nc

Therefore, the receiver efficiency is a linear function of the parameter
a—'l‘h/q Co N, for any particular material vith a comstant absorptivity and
emigsivity, as shown in Figure 3.2.1. The curve intersects the black body
(#f = £= 1) efficiency curve st an efficiency of &~ & / 1 - €,vhich corres-
ponds to .-'r/qc‘ N, =1 -of/ 1 -€ . This means that the black body
receiver is preferable if efficiencies greater than (o - € )/ (1 - £) are
delired Furthermore, for a black body receiver to be advantageous,
rT/qc N, £1-e/1 -¢ , 1.e., the area concentration ratio must be

at leut(l 5/1-4)(¢--r/qn°)
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M. = receiver efficiency

M. = receiver efficlency
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For example, in Figure 3.2.2, the curves for a black body and a tantalum
receiver are plotted for T = 2000°K, ¢ = .140 w/sq. cm, N, = 0.9. For
tantalum at 2000°K, X = .37, £= .237. A black body receiver is preferred

if a receiver efficiency greater than 17.4% is desired. The selective absorber
is advantageous only for area concentration ratios less than 870, whereas the
cavity receiver used with properly sized apertures and high precision concen-

tration can provide receiver efficiencies suitable for thermionic systems.



3.2.1 Thermionic Generator Cavity Absorbers

General Considerations

The sbsorptive and emissive characteristics of cavity absorbers are dependent
on the following factors:

1.
2,
3.
L.
5.

Wall-to=-Aperture Area Ratio
Absorber Geometry

Wall Materials and Surface Finishes
Temperature of Walls

Concentrator Parameters

A clear understanding of the effect of these factors is necessary in order to
design, fabricate, and test solar thermionic generators. A general discussion
of these factors follows.

1.

Wall-to-Aperture Area Ratio

Heat flux at the wall is primarily determined by the thermionic
converter requirements, while the heat flux at the aperture is
primarily determined by the solar intensity and various
attenuation factors such as reflectivity of the reflector,
vignetting, etc. Since the thermionic converter require-~
ments can be expected to remain relatively fixed and the
attenuation factors are constant for all space applicatioms,
the wall«to=aperture area ratio can be expected to remain
essentially the same for all space missions. Atmospheric
attenuation, however, has a drastic effect on this ratio.
Therefore, the geometry most suitable for ground operation
will differ from the best geometry for space. Since all

of the useful applications contexplated for the solar
thermionic generator are for space, it must be recognized
that some compromises must be accepted in the design for
ground test if both efficiency and ground-to-space performe-
ance correlation are to be design and test objectives.
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Let
Ac = converter emitter area = wall area

A = aperture area
fc = heat flux required by the converters

¢a = average heat flux entering aperture
fr = average heat flux reradiated through
aperture

o = cavity sbsorptivity.

The basic heat balance equation may be written:
A B, = A (o€ -8 (25)

c c

The cavity wall-to-aperture area ratio is then:
A <9 ¢
L a - T 16
x- (%) (T) o

It may be argued that there are certain factors present only
in space which tend to decrease the aperture flux and thereby
compensate for this inconsistency. These factors are geometric
inaccuracies assoclated with lightweight concentrators and
orientation errors associated with space vehicles. While
there is some logic to this argument, the fact remains that
the effect of these factors on generator performance cannot
be evaluated by ground test when successful operation depends
on their being eliminated. FMurthermore, it cannot be assumed
that the heat distribution in the absorber will be the same
vhen the intensity is increased by increasing the concentrator
precision.

Because of the above consideration, absorber studies should
be concentrated on absorbers having the wall-to-sperture ares
ratio expected t0 be used in a space generator. The flux
level will be lower than that expected in space, requiring
the use of correction factors to determine the performance
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in space. This approach is considered to be the most accurate
one, since absorption can be expressed as a fixed fraction of
the incident energy and emission can be expressed as a proportion
of the fourth power of temperature with a minimum error.

Absorber Geometry

Ideally, each and every thermionic converter in the absorber
cavity should have the same "view" of the solar image. Each
converter will then receive an equal amount of solar radiation.

Also, the absorber walls should consist completely of surfaces
vhich are connected to the thermionic emitter surfaces by a
good thermal conductor.

These two design objectives are not readily achieved in a
single design. The first objective may be met by locating
the converters in a ring about the absorber axis. This,
however, will leave an unfilled space in the bottom of the
absorber. This space may be (1) filled with an additional
converter, (2) filled with a reflective plug, or (3) closed
by extending the absorber wall surfaces.

Filling the space with an additional converter requires that
steps be taken to insure that the extra converter receives its
proportionate share of solar energy.

The cubical cavity generator described in Section 3.1.2 is a
design of this type. In order to establish what power
distribution exists within the cubical cavity absorber,
solar tests were conducted using a mock cavity calorimeter,
consisting of five individual power abosrbing devices

vhich closely simulate the thermal characteristics of the
thermionic converters used in the cubical cavity generator.
Evaluation of test results of the mock cavity (and
subsequently of the generator itself) show a non-uniform
power distribution between the side absorbers and the
bottom sbsorber. Table 3.2.1 shows the power distribution
measured between absorber sides 8 ’ 83, Su and the bottom

78

1’ 35



TABLE 3.2.1

POWER DISTRIBUTION CALORIMETER TEST DATA
FOR CUBICAL CAVITY CONFIGURATION

Calorimeter
Unit # 7,0 (°C) Tap (%) Power Absorbed
8, 1025 T45 9k.0
5, 1025 685 111.0
B 940 665 90.5
85 1035 720 102.0
Total Power (Watts): Lok, 5
Solar Constant (W/£t2): 1.2
Aperture: (5/8" Dia.in
Focal Plane)
Baseplate Temp (°F): . T6.0
Run Time (Min.): 27.0
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absorber B during a typical test run. The bottom calorimeter
absorbed less power.

During the solar test of the generator the bottom converter
produced less power output than the side converters. This
again indicated a maldistribution of power within the cavity.

Filling the bottom of the cavity with a reflective plug will
cause an additional thermal loss in the generator. The energy
absorbed by the plug will raise its temperature to a level
higher than the swrrounding absorbers. Some of the heat absorbed
by the plug will leak through its back side insulation and
supports, some will be radiated through the aperture, and a
small portion will be radiated to the swrrounding absorbers.

The design of this plug must be verified by test.

Closing the space at the bottom of the cavity by extending the
absorber wall surfaces to meet the absorber axis presents some
difficulty from an arrangement standpoint, but this is not
serious. The chief difficulties are the prevention of heat
leaks from the extended surface and the conduction of heat

to the emitter surface with a reasonable temperature gradient.
Assuming these problems can be solved, the advantages of a
symaentrical configuration which insures uniform power
distribution and a more efficient cavity absorber geometry makes
this configuration preferable in future designs.

Within the confines of wall-to=aperture area ratio limitations

and the limitations imposed by the above arrangement considera=
tiocns, there exist many possible absorber gecmetries. From

an absorber standpoint, the most significant property is its
absorptivity. The absorptivity of the cavity is that fraction

of the energy entering which is not reflected back out of the
cavity. It is important therefore that the geometry be such that
the first few specular reflections are confined within the cavity.
This task is made difficult by the wide variation of incoming rays.
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3.

Wall Materials and Surface Finishes

Since absorptivity is the most important property of the absorber,
the walls of the absorber should have as high en absorptivity

as practical. Unused portions of the cavity such as the aperture

plate and the reflective plug should have as low an absorptivity
as possible in order to minimize heat leaks.

There are limits to which the wall absorptivity can be increased
by the choice of wall material. This is true chiefly because
the choice of wall materials is limited to the refractory metals.
However, the wall surface can be grooved or roughened by grite-
blasting in order to increase the number of reflections at the
surface and thereby increase the absorptivity. The effect these
steps have on the flux distribution in the cavity and the overall
performance of the generator can be only approximated and should
be verified by test.

Unused surfaces in the cavity should be made as reflective as
possible.

The fraction of the incident energy absorbed by these surfaces
can be utilized only by radiative heat transfer from them to
the thermionic converters. In order to effect such a transfer,
these surfaces must reach a temperature higher than the con-
verter temperature. These surfaces, however, cannot be
allowed to reach a temperature where material evaporation
becomes a problem.

Wall Temperature
The temperature of the cavity walls is important in the design

of the generator in that thermal radiation from the cavity
constitutes a major generator loss. The temperature differential
required to conduct heat from the solar absorber surface to the
thermionic emitter surface increases the absorber temperature
and raises the cavity radiation loss. It is important therefore
to minimize the length of this conduction path. This considera-
tion 1s especially important in systems utilizing thermal energy

storage.
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It is also important that the temperature of the absorbing
portions of the walls be uniform. Local overheating will
increase heat losses and shorten the life of the thermionic
converters. Local underheating will reduce the output of the
generator because of its effect on the thermionic conversion
process.

5. Concentrator Parameters

The chief concentrator parameter affecting cavity absorption
characteristics is the rim angle. High rim angles direct more
energy to the cavity side walls and less to the bottom of the
cavity. The more oblique rays also have less tendency to be
reflected back through the cavity aperture. In general, the
high rim angles are to be preferred as long as they are not

80 high as to affect the performance by requiring an excessively
large cavity aperture.

Using an oversize concentrator to compensate for the attenuation
factors assoclated with ground testing will increase the solar
image size and will have an effect on the distribution of energy
within the cavity as compared to a space-=gized concentrator.

The effect will be to direct more energy to the side walls

and less energy to the bottom face of the cavity. Reradiation
losses will also be disproportionately large with an oversize
concentrator.

Basis for Selection of Generator Component Materials

The design of a thermionic generator absorber requires a knowledge of various
high=temperature properties of materials proposed for use in the construction.
The properties of interest may be categorized as follows:

1, Optical
Absorptivity
Emissivity
Specularity



2. Thermal
Specific Heat
Conductivity
Expansion

3. Structural
Strength
Density
Dimensional Stability

4. Chemical
Vaporization
Compatibility

1. Optical Properties
To achieve maximum absorber performance, the absorbing surfaces in the cavity

should have as high a solar absorptivity as possible, and the reflecting surface
should have as low an absorptivity as possible. Because of the scarcity of
applicable absorptivity data and the strong dependence of this property on the
method of fabrication, tests must be made to properly evaluate various materials.

Total emissivity is also an important factor affecting absorber performance.
This data is similarly scarce and dependent on fabrication methods.

Solexr absorptivity and total emissivity of materials and surface finishes being
considered for use in the thermionic generator can be determined by test in an
arc-imaging furnace. The spectrum from the arc-imaging furnace simulates the
solar spectrum very closely and allows solar absorptivity to be determined
directly by simple heat balance methods. This eliminates the need for mono-
chromatic absorptivity determinations which must be subsequently integrated
over the solar spectrum. Total emissivity can also be determined during these
tests.

Surface specularity is the extent to which solar energy incident on a surface
is specularly reflected. There is no quantitative measure of specularity
per se, but the reflected energy may be roughly divided into a specular

83



reflection, a flare reflection (nearly specular), and a diffuse reflection.
Some knowledge of this division is necessary to appraise the optical analysis
of an absorber cavity. Since the division is chiefly a function of mieroscopic
surface geometry, observations at room temperature with an integrating sphere
reflectometer using wvhite light will provide sufficient information for the
design of a generator cavity.

2. Thermal Properties

The thermal properties of most materials being considered are available

from the literature. They are not very dependent on the method of fabrication,
with the possible exception of the refractories. Where refractoreis are to bde
used in the generator, they can be tested to determine their thermal shock
resistance before being accepted in s design. This property is a combination
of other thermal parameters for this type of material.

The selection of materials to be used in construction of thermionic comverters
and generators is generally based on properties other than thermal properties.
However, the specific converter or generator performance characteristics desired
for a given application will dictate the thermal properties of the comstruction
materials.

3. Structural Properties
The structural properties of importance in the thermionic generator are high

temperature strength, dimensional stability, and impermeability to cesium.
Suitable materials have been selected and proven during thermionic converter
development to date. Any new materials will be required to equal or excel
present standards.

4. Chemical Properties
Probably the most critical materials properties for thermionic generators are

compatibility and evaporation. The materials containing cesium must be
compatible with it. Eveaporation of materials in a space enviromment will limit
the life of the generator and could also cause & degensration of performance by
coating electrical insulators or the reflective surface of the concentrator.
The refractory metals have demonstrated their suitability in these respects.



3.2.2 Cavity Absorber Analysis

Introduction

Several cavity absorber analyses have been made for solar-powered thermionic
systers using high-precision solar concentrators. The analyses were made for
cavity absorber receivers having the following geomstric shepes: (1) Cube,

(2) Right Square Prism, and (3) Right Circular Prism (Cylinder). The analyses
are based on & ray tracing method vhich assumes specular reflection at each
surface within the cavity. This assumption may be far from accurate in many cases
but it wvas believed to be accurate enough to obtain realistic results and to
determine the relative importance of various parameters. The actual surface
characteristics lie somevhere between & specular reflective surface and one
vhich gives a hemispherically diffuse reflection. Although there is some
Justification for use of the "specular" assumption in that surfaces tend to
"brighten” in vacuum at thermionic temperatures, further computationsl analysis
and tests should be made to determine the performance band between these two
extremes.

Cubical Cavity Absorber

The selection of the cubical cavity absorber configuration for one of the gensrators
built under this program was based on the results obtained from the analysis con-
ducted for this type of cavity receiver.

There are several limitations to the design of the cavity absorber however, vhich
prevent the achievement of ideal performance. First, the cavity aperture sise is
essentially a function of solar image size. Second, the cavity wall area is
determined by the thermionic generator emitter area required. Third, cavity
geometry is limited by emitter geometry limitations. Practical considerstions
dictate the use of one material to serve the dual pwrpose of thermionic emitter
and cavity absorber.

In the cubical cavity gensrator, uniform distribution of the concentrated solar
energy to the five emitters is required. Energy variations in the cubical cavity
can be compensated by changing the effective emissivity of the bottom wall couverter
a8 compared to the side wall converter,but extensive testing with this geometry is
required to establish the degree of improper energy distribtution. At first it
might sppear that the surface at the bottom of the cavity vwill receive more then
its share of the redistion;hovever,analysis (as well as subsequent gemerstor test)
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has shown that the flux attenuation at a point 1.5 cm from the focal plane is
more than sufficient to prevent overheating of the bottom surface. Any varia-
tion vhich may exist vwill be minimized by the high rate of radiant energy inter-
change between vall surfaces vhich takes place at the high operating temperature
(2000°K). (This was also confirmed during mock converter tests. See Table
3.2.1)

The effective cavity absorptivity was obtained by calculating the amount of
concentrated incident flux reflected from the cavity after once having entered
the cavity. The cavity has a circular aperture. Incident radiacion passing
through the cavity aperture is: weighted with respsct to the total ensrgy received
from & given direction (i.e., from a given incremsntal ring on the solar concen-
trator paraboloid surface). A relation is obtained for the mmber of multiple
reflections vithin the cavity experisnced by a single ray as a function of the
ring angle from vhich it emanated. Figure 3.2.3 presents the results of the
computer evaluations of this relation. For the cudbical cavity generstor which
uses tantalum emitters at 2000°K and a reflectivity of 0.55 an effective cavity
absorptivity of 0.94 is obtained.

The effective emissivity of a cubical cavity absorber vith a circular aperture
in one face vas determined by the Michaud equation which has been experimentally
verified. Michand gives the emissivity as:

1+ (2 AMA - sin’ @
.o'.[" ) Wia, - et o )f (a7)

o (1 -AA) + (A/A)

vhere ¢ = surface emissivity
A = area of sperture
Ac = area of cavity
% = arc-tan of aperture radius/cavity depth

The results of this equation are plotted in Figure 3.2.4 vhere effective emissivity
is shown as a function of the relative aperture sive.

For the tantalum cubical cavity, therefore, a geometric selective effect is
obtained vhich improves the solar concentrator-sbsorbver efficiency to a level
higher than could be obtained with either & tantalum selective surfac. absorber
or & black body absorber. Hence the selection of the cubical cavity abeorbder
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geonmetric configuration for the thermionic generator dbuilt undsr the progranm.

Absorber Efficiency

A parametric analysis was made for a cylindrical cavity absorber to determine
absorber efficiency as a function of variations in the followving parameters.

1.

Cavity wall surface absorptivity, &7,
Solar flux concentration ratio, Cf
Solar concentrator aperture ratio, D/f
Cavity depth-aperture ratio, 4/r
Cavity surface emissivity, ‘o

Cavity surface powver density, Qg
Cavity surface temperature, T

The results of this analysis are plotted in Figure 3.2.5.

The following conclusions have been drawn from an examination of these curves.

1.

2.

3.

The most promising methods of increasing absorber efficiency appear to bde
(a) increasing cavity surface absorptivity, and (b) increasing cavity
surface area.

Increasing concentrator sperture ratio will increase efficiency, but will
also have an effect on flux concentration ratio. The net effect remsins
to be investigated.

Efficiency exhibited a minimum change in the range of cavity depth-to-
aperture ratio investigated. Variations of this paramster to obtain a
significant increase in efficiency appear to be impractical becsuse of
geometry limitations associated with the thermionic energy converters
presently being used or considered.



Absorber Efficlency, Per cent

DEPENDENCE OF ABSORBER EFFICIENCY ON VARIOUS PARAMETERS
FOR A CYLINDRICAL CAVITY AT 1 A, U,

Black Body
®

14

// i

/

/ Palamhr Bases
/ Q@ = 70 W/sq.cm.
G = 10,000

g

86
T =2000K
< =0.45
<, = 0,232
85 D/ =231
df =2,0

24 =20 =16 =12 8 4 0 '04 € +12 46 +20 +U4
Percentage Change of Varied Porameter

Fig. 3.2.5
90



3.3 Solar Concentrators
Because of the high energy density required to operate thermionic converters

efficiently, only a very precise solar concentrator is suitable for use in a
solar thermionic power system in which efficiency is a chief eriterion of
performance. The concentrator selection is therefore limited to a precision
paraboloidal reflector which can be inspected on the ground and stowed on a
launch vehicle without folding or deflating. Other types of concentrators may

be made sufficiently accurate to produce thermionic power, but the system
utilizing them will not compare favorably on an efficiency basis. Some of the
less precise types are described below.

The Fresnel reflector offers the advantage of a nominally flat surface for
easier stowage. However, steps between the reflecting surfaces form large

areas vwhich do not concentrate incident solar flux, and efficiency is consider-
ably reduced. Fabrication is also difficult.

The Petalline reflector can be folded for stowage in its vehicle to obtain low
volume requirements, but the loss of precision associated with the folding

mechanism 18 a serious drawback. Dimensional control of petal-shaped reflectors
is far more difficult than for shell-shaped reflectors.

The Fresnel lens is not as sensitive to distortion as reflectors, but it has
a step loss similar to Fresnel reflectors. Glass lenses are subject to breakage
and plastic lenses are susceptible to ultra-violet damage.

Low concentration systems which do not approach thermionic requirements include:
the hemispherical concentrator, the "umbrella" type concentrator, and the
parasbolic cylinder concentrator.

3.3.1 Solar Concentrator Materials
The chief eriteria by which solar concentrator materials should be judged are:

1. Density
2. Rigldity
3. Strength

4. Dimensional stability

5. Formability

6. Surface finish attainable
T. Vapor pressure
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Table 3.3.1 summarizes many of these properties for materials which have been
considered. The materials listed are good in most respects but all seem to
have at least one major drawback.

Aluminum is very good in all respects except that it is difficult to obtain a
satisfactory mirror-like surface finish by standard polishing methods.

Beryllium is attractive because of its high strength-to-weight ratio. Because
of its high cost, it has not been used in the fabrication of large shapes, and
the fabrication of solar concentrators from Beryllium would require a develop=~
ment of fabrication techniques. The seriousness of the toxicity problem
associated with Beryllium is largely a matter o opinion.

Copper and its alloys are readily electroformed and easily polished. Copper
suffers the disadvantage of a very low strength-to-weight ratio.

Rickel is easily electroformed and easily polished. Much work has been done on
the development of nickel electroformed solar concentrators. (See EOS Report
1587 - Final; prepared for NASA under Contract NAS 7-10.) The chief disadventage
of nickel is its high density. The magnetic properties of nickel may also be a
disadvantage for some applications.

Steel may be fabricated with high strength, but it has the disadvantage of high

density. 8Speciel finishing techniques are probably needed to obtain a mirror-.
like finish.

Titanium and its alloys have high strength and low density. Forming techniques
in their present state are inadequate for the production of solar concentrators.

Bpoxies and plastics present a varlety of difficulties depending on the partic-
ular compound considered. In general, they offer little advantage over the
metals and present the additional problems of dimensional instability, and
thermal distortion due to low thermal conductivity. '

2.3.2 Methods of Fabrication

Several fabrication methods for achieving high-precision solar concentrators
have been evaluated during the course of this program to establish the advantages
and disadvantages of each. Although minimum weight 1is a major design objective
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considered during the investigation of materials, structural concepts, and
fabrication techniques, the optical properties of a particular concentrator
structure determine how much area is needed to provide the required input

power through a given cavity aperture for use by the conversion device. There-
fore, surface quality as well as weight must be included in the criteria used

to juige material selection and fabrication technique. 1In brief, the chief
criteria by which fabrication methods should be judged are: (1) dimensional
accuracy of the fabricated part, (2) surface finish of the reflecting surface,
(3) suitablility of the fabrication process for the size of concentrator to be
fabricated, (L) compatibility of the process with the material being fabricated,
and (5) cost of the process. Electrodeposition onto an optically ground
master surface provides excellent reproduction of the master. Nickel, copper
and silver can be deposited, but nickel gives the hest strength properties

due to its high yleld stress value. The electroforming process can provide a
completely integral structure with reflecting surface, supporting ring, point of
attachment brackets, etc., all produced from one coummon materisl. In this
process there is no need for adhesives, welds, brazes, etc. This fabrication
process is extremely desirable for the production of space~type concentrators.

A possible disadvantage is its higher specific weight as compared to aluminum
and its magnetic properties.

The stretch forming process using aluminum does hold promise for a lighter
weight concentrator. In this process, the controlled ylelding of a metal sheet
over a master surface provides parts having a minimum springback from the tool.
Iarge concentrators can be formed by joining several sectors or by overlapping
several stretch-formed parabolodial strips. The pileces, however, must be held
in shape with an adhesive bond. Weights of 0.6 pounds per square foot including
a support ring are attainable by this process as compared to 0.75 pounds per
square foot for the electroformed concentrators.

Because of its lighter weight and adaptability to the stretch forming process,
aluminum, stretch-formed concentrators are under development. To date, it has
been shown that the process holds promise if refinements in the stretch operation
and subsequent epoxy surface finish operation can be developed. It must de
concluded, however, that only the electroformed concentrator is currently
suitable for use in solar thermionic space power systems.
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3.3.3 BSolar Concentrator Analysis

In attempting to utilize the usual approximations for determing a focal plane
flux distribution, it was found difficult to superimpose the effects of con-
centrator misalignment, monochromatic limb darkening, non-parallel nature of
solar radiation, concentrator surface roughness, inequalities in concentrator
surface reflectivity, et al. It was therefore desired to derive a mathematical
formulation and numerical computational procedure that would permit the accurate,
simultaneous consideration of the various effects on the collected flux
distribution. The characteristics of concentrator surface roughness and soler
limb darkening are the most important constituents of an observed flux
distribution.

Formulae and associated numerical analysis for computing flux distributions
have been derived. This mathematical formulation permits considering
similtaneously roughness of the concentrator surface, misalignment of the
concentrator, misalignment of the focal surface, irregularities from the finite
disk of the sun which does not emit parallel rays, monochromatic solar limb
darkening, et al. A dispersion function is attributed to the concentrator
surface. In particular, a dispersion function is computed by considering
surface imperfections to be described by a double Fourier series which has been
approximated by its first harmonic. This concept has ylelded computed flux
distributions very nearly those observed, whereas other methods (e.g., a Gaussian
distribution of concentrator surface normals) have failed to preserve the
essential nommonotonic radially-decreasing flux distribution which, from these
calculations, appears to be characteristic of a dispersing surface. This model
for surface roughness, not necessarily microscopic, possesses one parameter
(% s vwhich is the height-to-width ratio of an individual sinusoidal surface
imperfection) which alone proves to be the fundamental parameter for the
computation of the correct flux distribution. This parameter is simply
related to the "circle~of-confusion” and can be used as a design parameter
for specifying mirror accuracy throughout its surface. The general formula-
tion of the flux distribution involves a quadruple integration in which the
limits and integrand present an imponderable problem analytically and a
problem not amenable to conventional numerical integration. The integrand
and subsequent numerical evaluation are greatly simplified, without addi-
tionally complicating the limits of integration, by the introduction of the
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pssudosun concept and & matrix algorithm for its numerical computation. The
pseudosun is a radiating disk replacing the sun, vhich has the proper law of
monochromatic limb darkening so as to absord the effect of surface dispersiom
and hence permit the concentrator to be treated as being perfectly smooth.
(Bence, by this definition the formulation of the surface roughness is
absorbed in the formulation of the pseudosun.) In order to calculate an
accurate and realistic pseudosum, an accurate intensity function for the
monochromatically limb.darkened sun has been obtained by fitting a large
amount of precise data to an astrophysical formule for this fumction. The
solar surface temperature and vavelength-integrated cental intensity have
been determined from this data as boundary conditions. Flow charts for the
numerical computational procedures for calculating a pseudosun and the
resulting flux distridbution for a parebolic concentrator were dsveloped and
applied, with s digital computer, to a specific concentrator.

The results of these camputations (See FPigure 3.3.1) when campared to
observed flux distributions indicated the general applicability of these
methods and demonstrated the fundamental importance of the surface imperfec-
ticn,‘%, a8 & means of faithfully camputing flux distributions as are
observed and as a design parameter for concentrator swriaces.

These results strongly suggest that further work should be done vwith the dis-
persion function. Modifications of the sinwoid surface imperfection should
be investigated from which fundamental paremeters -mmto%mau
determined. As a further refinemsnt, a probability distribution should be
§lven to these fundemental paremsters, and in particularl £/ , to imgrove
the accuracy of the flux distribution determination.

of Distribution

™he peeundosun used in the adbove amalysis vhich resulted in the intensity
ddstribution given in Figwe 3.3.1 was based strictly on a hypothetical sur-
face dispersion model. Therefore, a further amlysis was made to determine
the pesudosun intensity distridution from experimsatal data s0 that a com-
parison could be made vith the hypothetically determined pesudoswa. The
experimsntal flux profile data was obtaimed on a 3.5 inch diameter solar
comcentrator.
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If the psewdosun is assumed t0 be made up of incremental circular suns of
various intensity, the sum of the focal plane flux distributions corresponding
t0 these incremental suns must equal the focal plane flux distribution
obtained with an actual concentrator. The latter was obtained from the 31.5
inch diameter concentrator and the distribution corresponding to circular uni-
form sun was determined by calculation, using a method similar to that
employed by Hukuo and Mii. For this analysis, rather than using the curves of
flux versus radius, the curves of integrated power versus area were used.

This choice was based on the dusirability of working with functions without
sharp discontinuities. The power versus area curve for the 31.5 inch concen-
trator is shown plotted in Figure 3.3.2 and the power versus area curve for a
uniform circular sun is shown plotted in Figure 3.3.3. It will be noted that
the ordinates have been normalized so that the total reflective power is
equal to unity. The incremental suns were chosen such that the areas of
succeeding suns increased in geometric progression by a factor of 1.259, which
is the tenth root of 10. Intensities for the incrementsal suns were chosen
such that vhen the incremental suns were subtracted from the power assocliated
with the true mirror, the remaining power was O or as near to O as could be
achieved. The maximm deviation from O was 8 parts in 1000 and the average
was between 1 and 2. The intensities of these incremental suns are shown
plotted in Figure 3.3.4 such that the combination of them shows the intensity
distribution of the pseudosun.

The shape of the pseudosun as shown in Figure 3.3.4 does not agree very
closely with any of the shapes shown in Figure 3.3.1l. It seems, therefore,
that the hypothetical surface model assumed is inadequate. Other surface
models should be examined to find ome which will approximate the results of
these calculations. An alternative would be to use the experimental data
developed and work back to determine a surface dispersion characteristic and
possibly the surface model which will yleld the desired pseudo sun intensity
distribution.

It will be noted in FMgure 3.3.4 that the tail end of the curve is negative.
There 18. of course, no dispersion characteristic which will yleld a pseudosun
vith a negative portion. The negative portion of the curve is attridbuted

t0 &n error caused by loss of sensitivity of the radiocmeter in determining

A



pesy sBow| joixaing
|x e,
oazy eSow) Ly
oot 8 9 14 4 oL 8 ¢ L4 4 L8 9 ¥ (4 L°0
10°0

—T] .
\ .
Wz =3 ‘vgle =qQ
YOIVILINIONOD WNNIWNTY 304 NOLINGINISIG ¥33MOd

Fig. 3.3.2

sonoy perseny



3 Qdo
oo 8 9 L 8 9 ¥ 4 1'0 8 9 ¥ 4 M
10° A
&
z
1 4
9 ..w..
8 g g
1°0 W
T
z
\.\ v
9
8
l
NNS IVINDUID WIOHINN ¥V ANV
s°l = ¥/a

GIOTOSYYVd 103483d Y ¥O4 NOLINGIRISIA \MOd

100



PESEUDOSUN INTENSITY DISTRIBUTION = 31.5" ALUMINUM CONCENTRATOR
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the lov intensity portion of the flux profile of the 31.5" diameter concen-
trator.

Solar Concentrator Misorientation Effects
The focal plane power and flux functions for the case of the misoriented con-

centrator proved to be obtainable only through an extremely lengthy camputer
calculation. A sample calculation was made for the case of a solar concen-
trator wvith a misorientation of one-third of the solar diameter (10.67
minutes). Concentrator rim angles of 50°, 53°, and 60° vere used. The
results of this calculation showed that negligible error would be incurred
by assuming that the optimm cavity aperture redius for the misoriented case
is larger than the optimam cavity aperture redius for the oriented case by an
amount equal to the paraxial image translation; and further that the same
amount of power will fall wvithin the aperture in both cases. Reradiated
power will, of course, increase with an increase of aperture area.

Figure 3.3.5 gives the percentags focal plane power in the cavity-absorber
aperture, (Pe/Pf), as a function of the normalized aperture dismeter (d‘/f s)
for concentrator rim angles of 50°, 53°, and 60° and for 0.0' and 10.67' mis-
aligneent of the concentrator with the sun's direction. It has been shown
that this relation is dependent only on the concentrator rim angle and is
independent of concentrator diamster. It can be seen from Figure 3.3.5 that
vhen 10.67' misaligment occurs, the maximm P /P, 1s alvays given by the 60°
rim angle concentrator.

Pigure 3.3.6 gives the percentage focal plane power retained by the cavity,
(rn/rf), (assuming the cavity absorptivity to be constant, independent of
temperature) as & fmction of normalised sperbure dismeter for a 60° rim
angle concentrator (a./reoo s) for effective cavity temperature (Te) ranging
from 1900 to 2400°K. Also given in this Pigure is the percentage normalized
power reradiated by the apsrture Mtbcwu'r.'l. The maximum
rn/rf and the corresponding optimm (d‘/f&o s) are plotted as & function of
'!.unm 337 If 8 is ths percentage of the concentrator surface not
shaded and K 1s the concentrator reflectivity,then the maximm concentrator-
cavity absarber efficiency as given by (mx. N, = 8 X (max. B /P,)] cen be
Plotted as & fumction of T, as in Pigure 3.3.8.
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3.3.4 BSolar Concentrator Structure

In view of the high precision requirements of solar concentrators for thermionic
systems, optical errors associated with the concentrator structure must be held
to an absolute minimum,

The structure consists of two parts: <the paraboloidal shell and its supports.

The experimental determination of the effect of paraboloidal concentrator shell
thickness on optics and performance is prohibitively expensive for the purpose
of this study. However, a theoretical relationship has been determined which
appears very satisfactory when compared with the few lightweight concentrator
test results available,

The weight of the solar concentrator is the sum of the shell weight and the
weight of the support ring vhich positions the periphery of the shell., The
shell weight is readily obtained from the bowl area, thickness, and density.
Bovl area is determined from the equation:

1

"Da = 8
A13"'&""“"003? +cose-5) (28)

vhere (‘ is the concentrator rim angle. A satisfactory expression for ring
weight has been obtained by considering the ring to be an extension of the shell
having the same thickness. The length of the extension has been mads great
enough to damp out any distortions induced at its outer edge, If the shell is
approximated by a spherical segment of radius,

Rs= D/2 sin (@/2) (19)
then the length of this extension is about R x 2/a where:
A=y 30 4®) Y, (20)

A¢( = Polsson ratio

The actual support ring will not have the shape of a simple shell extension.

The actual shape will be governed by additional considerations of flexural
rigidity and stresses, but it has been found that the ring can be designed
vithin the weight and overall size limitations defined by this simple assumption.



The greater the thickness and dish of the shell, the more rigid it will be,
and the smaller the surface slope errors vill be. Flexural rigidity equations
for a sphere shov that the surface slope error will be proportional to As/ER
(vhere A and R are defined as above) for a particular residual stress level.

The weight of the shell expressed in terms of surface slope error is then:

2 1 %D 1/3
Vg = ..'.}.2__ x a/3v‘/3(1 -,u.a) (1 + cos—_-r‘,/a + cosz P/ ,42?.“ ’/b (21)

and the weight of the support ring is:

2
[ 1-
TP x gty x K (2)
vhere: v = density of material

¢ = surface slope error
E = modulus of elasticity
K = proportionality constant = M/A3
Thus, it is apparent that shell weight is proportionmal to ¢‘2/3

and ring veight is proportional to § 2.



3.4 Orientation Subsystems

General Considerations

One of the major control areas associated with the operation of a solar
thermionic power generation system is that of sun acquisition and tracking

by the solar concentrators. Acquisition of the sun upon emerging from the
earth's shadow must be accomplished as rapidly as possible. This is necessary
to provide the greatest number of watt-hours possible for use by the vehicle,
and to prevent possible damege caused by improper direction of the concentrated
solar energy on some surrounding structural member.

Beveral approaches may be taken to insure the proper acquisition and subsequent
tracking of the sun. The merits of each approach are dependent upon the vehicle
application and the orbital altitude. In most instances it can be assumed that
a vehicle using a sophisticated solar thermionic power system will have a built-
in orientation or guidance system necessary for the proper operation of other
vehicle equipment such as television cameras or telescopes. With the vehicle
already earth-oriented, for example, it becomes a somevwhat simpler task to
direct the concentrator array in terms of a vehicle reference. Depending upon
the accuracy inherent in the vehicle attitude control system,it may be possible
to simply drive the concentrator array at a predetermined rate to insure that
the concentrators will always face the sun. This would normally require a
vehicle orientation control capable of holding te minutes with an error in

the drive mechanism of not more than 5 or 6 minutes. Using this approach, the
concentrators would be assured of immediate sun acquisition. This type of drive
necessitates that the concentrators have freedom to move about two axes.

A similar approach may be used with vehicles possessing only course attitude
control systems. Here, however, it would be necessary to include a second sun=
seeking system in the concentrator array. Two basic controls may be used in
this instance to direct the concentrators. Solar cells or sensors used in
closed~loop servo systems would be one method,and the use of bimetallic or vapor
pressure heliotropic mechanisms would be the second method. The first method
has the advantage of high gain and accuracy but will require some auxiliary
power to operate. The heliotropic control allows a slight persistent error to
exist but requires no power except the stray radiant energy already present at
the converter cavity. Also, the heliotropic control may be built right into
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the converter, thereby saving on system complexity. There are two types of
control actions which may be used for either method; namely, fixing the concen-
trator and positioning the converter at the focal point or fixing the converter
and aligning the concentrator axis. The selection of a control would be made
primarily on the basis of the system configuration. In the case of a low power
system with only a few converters, a single sun sensor and servo actuator msy
be preferred to direct the entire array of rigidly mounted modules. For large,
complex arrays with many joints and hiuges, it may be impossible to insure the
alignment of all concentrators attached to the framework. Here the frame is
roughly oriented towards the sun within b 5° at all points on the frame and

the heliotropic mount in each module is used to insure accurate alignment with-
in 4 6 minutes. The rough orientation is accomplished with a scan sensing
servo system vhich aligns either the vehicle or the solar concentrator framework.

The nature of the vehicle mission, the orbital altitude, and the vehicle refer-
ence are all pertinent in selecting the type of orientation control most
suitable. If, for example, the vehicle is required to maneuver during its
orbital life and at the same time maintain power output from the converters,
the orientation system may be very complex. By the same token a vehicle that
is sun=oriented for its entire useful life will require far less in terms of
aystem complexity. Aleo, it becomes apparent that much less power will be
required to maintain vehicle orientation under some conditions. Ideally, it
would be best to consider a sun-oriented vehicle with the power conversion
system designed to trim the aligmment of the concentrators with the heliotropic
mounts. The conceatrators should be deployed so as to produce the least moment
of inertia, thereby requiring the least amount of energy to maintain vehicle
orientation. Also, it can be seen that by having each concentrator mass
individually trimmed with the heliotropic mounts there is less danger of the
vehicle aligmment being disturbed by inertial forces resulting from motion in
the entire concentrator array.

Feasibility test models designed and built by TRW have shown that heliotropic
mounts can provide the type of control action required to orient solar concen-
trators without using complex electronic or electromechasnical devices. The

TRW models demonstrated that mount power requirements are very small, representing
only the energy normally lost outside a thermionic generator cavity due to the
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image spread associated with large-aperture reflectors. The simplicity of the
design concept and the small number of parts in a heliotropic mount promote
high performance and relisbility.

TRW Heliotropic Development Program

In the early part of 1959, TRW developed the concept of the simple bimetallic
heliotropic mechanism shown in Figure 3.4.1. Figure 3.l4.2 presents a second,
somewhat more sophisticated concept. Examination of these figures will reveal
the basic operating principles of the heliotropic mount.

The major difference between the two mount concepts developed by TRW is the
relative position of the solar concentrator and thermionic generator. In the
first concept (Figure 3.4.1), the concentrator is rigidly mounted to the vehicle
and oriented toward the sun. In the second concept the thermionic generator 1is
rigidly attached to the vehicle structure and the solar concentrator is suspended
from bimetallic members also fixed to the generator assembly. The two concepts
are compared below:

Concept 1 Concept 2
Small alignment errors will cause uneven Displacement of the focal spot
heating of the thermionic converter and produces uneven heating of the
the bimetallic elements; therefore the elements which produces a torque
converter cavity will try to center or couple to swing the concentrator
itself on the focal point to eliminate until the spot returns to the
the temperature difference in the center of the generator. This
elements. will reduce the temperature

difference in the actuator elements
and by proper adjustment in
sensitivity, allov only a small
persistent mislocation of the spot.

Concept 2 seems to offer the greatest number of features and advantages:
1. Each concentrator can be directed independently, theredby
reducing inertial coupling of the concentrator mass with
the vehicle.
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2. Each mount can correct independently for structural
inaccuracies in the generator array or deployment
mechanism.

3. BSeveral unique stacking arrangements for stowing the
generating array in a vehicle -in the least possible
volume are possible.

4, The concept is ordinarily used in conjunction with a pair
of gimballed rings which retain the thermionic generator
in the focal plane while permitting rotation of the
concentrator.

5. Gain can be easily adjusted and made very effective in
controlling orientation with only a few watts of stray
radiant flux.

A feasibility model is shown in Figure 3.4.3. This model also includes a
calorimeter to measure total flux entering the cavity between the element

tips. A water boiler on the rear end of the calorimeter provides a constant
temperature heat sink at approximately 210°F. A differential temperature
measurement was made along a heavy copper post leading from the cavity to the
heat sink to permit an accurate determination of heat conduction. During tests
this calorimeter provided a very satisfactory means of determing rower input
to the cavity and to the elements.

The model shown in Figure 3.4.3 was mounted in TRW's arc~imaging furnace for
testing. The arc furnace was set up to permit the simulation of a variety of
solar concentrator geometriesy that is, the flux levels, spot size, and rim
angle could all be varied at will within the furnace installation. The furnace
was also mechanized to permit moving the heliotropic mount to introduce any
desired persistent error in spot alignment to allow study of all mount
characteristics.

A significant omission in this feasidbility test effort was that no provision was
made to produce the vacvmn environment found in space. A vacuum environment
results in a tremendous reduction in temperature in the sensing elements and in
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the gain measurements for various power inputs. Heat loss from convective
cooling of the sensing elements in a normal atmosphere is relatively large.

A second omission of lesser importance was the lack of a representative ambient
temperature in the cavity and what would normally be the thermionic converter
radiator. With a thermionic generator these regions would be quite hot and

the proximity of the sensing element to these hot radiation surfaces would make
a significant difference in the temperatures attained by the elements. The
calorimeter was designed to operate at lower temperatures to minimize radiation
losses and therefore does not truly simulate a thermionic device in the helio-
tropic mount assembly.

Figure 3.4.4 is a plot of some typical test results for two rim angles. Other
useful measurements, such as the thermsl time constant which appeared to be
about 1.5 minutes, were also made.

The first feasibility test program conducted in air demonstrated that a simple
bimetallic control can give the required corrective action for a misoriented
concentrator in a thermionic system. The gain normally required (assuming a
maximum correction of 5 degrees and a persistent error of 0.l degree)is 50,as
opposed to the gain of 4 demonstrated in the test. However, this apparently
large difference is easily accounted for by the excessive convection losses
encountered in atmosphere and other mechanical defects found in the mount
design. In the latter instance it immediately became obvious that excessive
drag was present at the contact point between the elements and the aperture
ring and that the size and shape of the elements were not optimum. Also, the
use of six elements produced counter~torques about the gimdal axis which
greatly stiffened and limited the motion of the gimbal rings. The results
given in Figure 3.4.4 were obtained using only four elements placed 90 degrees
apart and located on each gimbal axis.

Improved Heliotropic Test Model
Pollowing an evaluation of the data obtained from the feasidility models and

the investigation of other concepts, an improved mount was bullt and bench
tested. The improved mount was designed around a LO-watt thermionic generator
configuration vhich was intended for use with a 31.5 inch mirror. The generator
cavity size and the L5-degree rim angle of the concentrator were used to fix

the heliotropic mount geometry.
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Figures 3.4.5 and 3.4.6 are of the improved heliotropic mount. Figure 3.4.5
shows the complete assembly installed on a vacuum plate and equipped with
heaters and other instrumentation. The large ring shown with the bell jar is
mounted above the heliotropic assembly to counterbalance the weight of the
mock generator. This renders the mount insensitive to gravity and permits
operation in any attitude.

The mownt operates as follows: The thermionic generator (parts 1, 2, and 17)
is fixed to the vehicle frame and the concentrator is suspended from the lower
gimbal ring. The properly=-oriented solar concentrator directs concentrated
flux into the cavity within the limits indicated by the included rim angle.

A small fraction of this flux is intercepted by each bimetallic sensor. With
proper orientation the heat input to each bimetallic element is equal and no
deflection occurs. With a small vehicle misorientation, the heat input to

one or more elements is increased and the elements on the opposite side of the
mount receive less heat input. This differential in heat input causes the
hotter elements to 1lift off their bearing point on the generator and the cooler
elements to exert greater pressure at their bearing point. The gimbal ring to
which the elements are attached then rotates, thereby restoring the force
balance within the assembly. This rotation swings the concentrator so as to
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relocate the focal spot at the center of the sensing elements. A small
persistent imbalance in power input to the bimetallic elements remains to
keep the concentrator properly oriented.

Test Results
In the-improved mount test program, the environment created was sufflcient to
rermit a reasonable determination of what could actually be expected in a
space application. Also, the instrumentation was adequate for accurate measure-
ment and interpretation of mount performance. In particular, the following
performance characteristics were carefully investigated in the course of
testing:

l. angular deflection versus element temperature,

2. angular deflection verus element power input,
. vector summation of single element motionms,
hysteresis,
position or inclination sensitivity in a 1 g environment,
thermal time response,
idealized mount gain, and

m-qg\\n:'w

. mechanical performance factors and limitatioms.

Typical performance curves shown in Figures 3.4.7 and 3.4.8 indicate the
satisfactory characteristics of the improved mount design. The determination
of gain for this assembly was accomplished analytically using the power
distridution characteristics of a 31.5 inch concentrator and the test data
obtained with the mount. A gain of over 97 degrees per degree,or nearly twice
the nominal value specified for a solar thermionic system,was obtained. All
other pertinent factors concerning mount performance and design were deemed
acceptable for a thermionic systems application.

It 18 a certainty that adequate heliotropic mounts for moderate size modules
can be developed for any system. The development will, of course, be tempered
by many factors which cannot be considered on a generalized basis. Problems

of inertial effects on the vehicle, stowage problems associated with vehicle
geometry, the requirement for vehicle orientation changes, etc., must be
considered for a particular system. For systems in the' 1l to 10 KW range, it

is practical to consider the use of the heliotropic mount assuming the use of
a moderate module sized with concentrators on the order of 3 to 8 feet in

diameter.
120



DEFLECTION VERSUS POWER INPUT

e 1
L
’/ M
P <
/
”
¥
A
0 1 2 3 4 5 é
POWER INPUT, WATTS
rig. 3.4.70

DEFLECTION VERSUS TEMPERATURE AND HYSTERESIS

COOLING
2
7 uehlm
—r
TEMPERATURE, b ]

Fig. 3.4.7v



TOTAL DEFLECTION VERSUS ELEMENTAL POWER INPUT

Axis Element
No. 2
| 90° 67.5°
A /4°
2° tﬂﬂ'
i \ £\t
R {
N ‘0,'5 on . A.So
2 A
Axis Element 1A Axis Element
No. 3 8—¢6 412 2 4 6—8 No. 1
Power lnpu:, Watts
2
P \
é
NOTE: Power input is the un-
balonce in favor of one of two
diometrically opposed elements.
Axis Element
No. 4

Fig. 3.4.8



3.5 Energy Storage Subsystems
Continuous operation of a solar-powered system over a complete sun-shade

cycle requires some form of energy storage. Energy can be stored in many
ways, but, unfortunately, most of these are not compatible with a solar
thermionic system in a 1 to 10 KW range that utilizes higher temperature
thermionic converters. Energy is usually stored in the form of electrochemical,
mechanical or inertial, thermal, or pneumatic energy. Mechanical or inertial
storage 1s precluded from a solar thermionic system since the mechanism would
offset all weight advantages for the system and would introduce moving parts
into vhat 18 now a static system. Further, the use of such storage mechanisms
would most likely have an undesirable interaction with the vehicle orientation
system. The use of pneumatic=type energy storage would require large and
heavy tankage to provide sufficient energy for the 35-minute shade period, and
complicated heavy rotating machinery to extract and convert this energy to a
useful electric output.

The two methods that do hold promise are electromechanical storage and thermal
storage. These two methods have been examined in detail to determine their
feasibility in solar thermionic applications.

3.5.1 Thermal Energy Storage
Energy must be stored in either thermal or electrical form to maintain power

during dark periods when solar thermionic generators are used to provide space
power for earth orbit missions. The following properties of storage materials
mist be comsidered to select a suitable material:

1. heat capacity,

2. energy release with phase change and crystallographic transitioms,

3. specific heat per unit volume,

4, melting temperature near 2000°K,

5. heat of fusion,

6. anisotopic thermal conductivity to minimize thermal gradients
vhich would decrease sbsorber efficiency,
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T. non=corrosive to structural materials over long time periods,

8. not subject to dissociation or large pressure increases
with temperature,

9. not chemically reactive with structural materiels to form
compounds that are solvents for the heat storage material itself.

Due tothe general applicability of solids for thermal energy storage at high
temperatures in space applications, attention will be focused below primarily
on the factors which affect the heats of fusion and heat capacities of solids.

Considerations for Integrating Heat Storage Capability in Solar

Thermionic Generator Systems

The high operating temperature of thermionic converters requires that the
individual converters be arranged in a cavity geometry in order to minimize
heat loss by reradiation. In general, this results in a very compact generator
configuration. It is therefore necessary that the thermal energy storage
material and container also be of a small volume since it will have to be
placed in close proximity to the thermionic converter emitter. The mode of
heat transfer from the storage material to the emitter will be radiation and/or
conduction,since body forces are absent in space,and employing forced circula=-
tion at these high temperatures is improbable. Thus the thermal conductivity
of the heat storage material and the surface characteristics of the container
are important considerations.

Heat losses being proportional to the fourth power of the temperature indicates
the desirability of minimizing temperature differences between the solar energy
absorber and the thermionic emitter. A high thermal conductivity in the heat
storage material will minimize temperature gradients and ,consequently,the
maximum temperatures within the cavity. The emissivity and absorptivity of
absorber surfaces are important design variables over which the designer may
have some control. For example, it would be desirable to obtain a surface with
a high absorptivity to the incoming solar radiation and a low emissivity for
radiation of the wavelengths corresponding to the temperature of the absorber.
However, if the mechanism for heat transfer from the absorber to the emitter is also
radiation, then a high emissivity would be desirable. This apparent inconsis-
tency can be circumvented through proper geometric considerations in placing
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the heat storage material within the thermionic generator package. An
1llustration of this would be to transfer heat into the storage material
through one surface and from the storage material to the emitter through
another surface, thus allowing each surface to have different radiative
properties. A great deal of work in the field of coatings for space radiators
is presently being done, but this is for a temperature range considerably
below that of concern for thermionic devices. The problem of coating deterior-
ation with time due to high temperature and vacuum will require investigation.

Utilization of sensible heat in addition to latent heat requires analysis of
the thermionic system performance when the emitter temperature is allowed to
decrease in order to obtain the sensible heat from the cooling heat storage
material. An optimization will indicate the amount of sensible heat contribu-~
tion desired in order to obtain the best overall power-to=weight ratio for the
solar thermionic system. If a decrease in thermionic generator power output
is allowable, it 1s possible to utilize additional sensible heat. However,
this will result in an increase in the temperature cycle band width below that
of normal operating temperatures. If the temperature cycle band width is
permitted to increase above that of normal operation, greater solar concentrator
precision is required. In addition, heat losses will increase rapidly with
temperature as stated above.

Consideration of containment of the heat storage material demands equal con-
sideration to the heat storage material itself, since the weight and volume of
the container could be of the same magnitude as that of the heat storage
material. Material compatibility is necessary for durations up to one year.
Corrosion and alloying between the heat storage material and container material
must be investigated. Therefore, the merit of a heat storage system must de
evaluated on either a volume or weight basis which includes both the storage
materisl and container material. Volume changes due to thermal and phase
change will influence the container design. The strength of the container must
be sufficient to withstand the partial pressures of the heat storage material
components. Further, the container material must limit, if not prevent,
diffusion through the container walls,

The feasibility of thermal energy storage therefore cannot be decided solely
on the basis of the thermodynamic properties of the storage material but on
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its integration in the solar thermionic generator system. These requirements
may be mutually contradictory. It is not a priori evident that high specific
heat materials possessing desired thermal conduetivity properties also have
high heats of fusion. Further, it is not obvious that low density materials
for thermal storage will, of necessity, result in the lowest-weight heat or
energy storage system. Thus, it may be advantageous to examine the higher
density materials to determine whether or not they may result in more optimum
thermal storage systems.

The energy storage system under consideration should be that which results in
the lightest welght system subject to the various operating constraints imposed
by the operating environment. The greatest bulk advantage for a thermal energy
storage system will in all probebility accrue by maximizing the heat of fusion,
on a unit weight basis, of the thermal storsge materisl. The energy storage
capacity which results from a high specific heat is, as a rule, t+so or three
orders of magnitude below the thermel capacity inherent in a phase change and
is not avallable as constant temperature energy. The greatest energy storage
capacity of presently known materials will come about in conjunction with the
heat of vaporization, however, containment problems inherent in the transition
to the vapor phase from the liquid phase may be difficult to solve. An
apprecliable amount of energy 13, however, stored in the materisl in the process
of ralsing its temperature to that level where melting occurs. Large specific
heats, 1f not obtalned at the expense of the heat of fusion, are also desirable.
Since the energy must be added to the material in the form of an incident
energy flux, the thermal conductivity properties of the material are also of
interest.

A preliminary survey of high temperature materials has been conducted in an
attempt to select promising heat storage materials for advanced thermionic
generators. Table 3.5.1 presents the results of the survey. These materials
demonstrate the following basic properties: (1) solid state, (2) chemically
stable in the temperature range 1500°K to 2000°k, (3) high heats of fusicm,
and (4) high melting temperatures with low diffusion.

Gases and liquids or the alkall halides and hydrides were not considered.
Although these materials demonstrate high heats of fusion (e.g., LiF,
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450 Btu/1b at 1117°K, and LiH 1250 Btu/lb at 958°K),their relatively low
boiling points and instability at temperatures required for this application
does not at first approximastion suggest further study. LiH, for example,
decomposes at 1331°K into lithium and hydrogen. Due to large diffusibility
of hydrogen in materials, the containment problem may be quite severe from an
engineering standpoint. The problem associated with using such a material
for heat storage at temperatures of 2000°K is further complicated when one
considers the high pressure differential resulting from the operation in the
space vacuum.

Table 3.5.2 presents heat contents between 1500°K and 2800°K for several
potential heat storage materials.

An examination of the lists of materials indicates that several materials may
have heat storage properties suitable for use with thermionic generators. The
sultability of any of these materials ceannot be definitely determined, however,
without recourse to an extensive development and evaluation progrem. It has
been proposed that a heat storage materials study be made. Such a study may
prove the feasibility of using one or more of the better materials, such as
beryllium oxide with thermionic generators, but as of thie time it appears
impractical to utilize thermal storage in any proposed thermionic system.
Calculation of the heat storage capacity of BeO shows that 1780 Btu/1b can be
realized over a temperature range of 2000°K to 2820.9°K; but it 1is very doubtful
if the necessary storage material could be packaged in the quantities required,
considering the geometries associated with our present thermionic generator
concepts.

Also, there 1s little certainty of the necessary heat transfer taking place or
that the materials involved would be compatible for long-term operatioms.
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TABLE 3.5.2
HEATS OF FUSION AND TRANSITION FOR HIGH TEMPERATURE

HEAT STORAGE MATERIAL
Materlal AH fuslon (or transition), Melting Temperature,

Cal/mole oK
Be 2,800 1563
80 13,500 2823
J 5,300 2300
3,0, 5,500 723
Hf 5,790 495
L TiO, 2,750 (Tronsition) 1485
26,3%0 1820
K MgAl $150,0F2 73,800 1670
Mgo ~15,000 2600
n 950 (Trarsition) 1155
4,460 1940
TiO 820 (Trars) 1264
L, Tio3 2,750 (Trars) 1485
26,390 1820
Zr 915 (Trars) 13
4,900 210
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3.5.2 Electrical Storage

With the elimination of thermal storage as an energy source for thermionic
systems, the selection of an appropriate battery storage system is indicated.

The selection of one of the several promising types of secondary batteries for
use in a solar power system is dependent upon the particular requirements of the
power system and the characteristics of the batteries. For any space vehicle
system application, a high specific power and good relfability is mandatory.
Further, the nature of the operating environment necessitates a hermetic assembly,
and one which is structurally rugged to withstand the stress of launch loading.
The inclusion of such a battery in a 90 minute orbital application with a one
year life requirement, as is the case for the proposed thermionic systems, also
requires that the battery has a high cyclic life. The selection of the most
efficient batteries available consistent with good cycle life and minimum weight
is essential because the use of secondary batteries for electrical energy storage
incurs electrical losses of various types which must be charged against the
generating system.

In all batteries there is an ampere-hour loss with each charge-discharge cycle.
That is, all of the cahrge put in the battery during charging cannot be extracted
from the battery. This loss is not insignificant, but it is often omitted from
charge=discharge efficiency detarminations, thereby contributing to the variance
of quoted performances.

All batteries also require a charging voltage higher than the discharge voltage.
This voltage difference is not merely an internal resistance effect but is a
function of the state of charge of the battery. The charge and discharge
voltages will vary during constant current operation. Battery efficiency is
often quoted as the ratio of nominal charging voltages. This method gives very
optimistic performance values, not only because it omits the ampere-hour loss,
but because all of the discharge power will not be usable if the discharge at a
voltage above or below nominal cannot be fully utilized by the load.

Another source of loss associated with secondary batteries is the regulation of
charging current and discharge voltage. Because of the inefficiency associated
wvith static DC=DC conversion, it is desirable to have the generators supply the
load directly during sunlight and the batteries supply the load directly during
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shade. This means that the batteries should fall wiihin the system voltage-

regulation specification, otherwise a power-consuming regulator must be added
to the systenm.

Of the various types of batteries currently available, only three appear truly
suited to space applications. These are nickel-cadmium, silver-zinc, and silver=-
cadmium. All three have relatively high specific powers and can be sealed
against the vacuum environment of space. The selection of a type for the
thermionic system application is then dependent upon the particular require-
ments for high cyclic life, reliability, insensitivity to launch loading, and
ninimm size and weight.

A survey of the characteristics of secondary batteries drought forth many
conflicting reports on the performance that cculd be expected from various
types of secondary batteries. The amount of actual test data available at
this time is very limited and somewhat inconclusive. Further, it appears that
the method of rating batteries and calculating performance varies with the
manufacturer.

Several general observations can be made concerning the characteristics of the
three batteries mentioned. The silver-zinc battery has the highest specific
powver of the three but is generally limited to a few hundred charge~discharge
cycles. The silver-cadmium batteries have second highest specific power but
are not so highly developed as the nickel-cadmium batteries nor have they
demonstrated under test the ability to withstand as many cycles as nickel-~
cadmium batteries. The cycle life of nickel-cadmium and silver-cadmium batteries
is dependent upon the depth of discharge and operating temperature. Because

of this, the silver cadmium battery appears to have a definite advantage over
nickel-cadmium vhere the cycle life is on the order of 5000 cycles. The
silver-cadmium has a specific power of about 2.5 times that of nickel batteries
and requires limiting of depth of discnarge to 4O to 60 percent as compared to
5 to 30 percent for nickel-cadmium, thereby permitting a greater realization of
watt=hours per pound of storage hardware.

An additional feature unique to the silver-cadmium cells is that the discharge
voltage is relatively high (approximately 1.1 volts) and remains nearly constant
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throughout the entire discharge cycle. This constant discharge voltage
characteristic helps insure a good regulation of system voltage and eliminates
most of the losses that would be associated with the regulation circuitry need
for other battery storage systems.

The best avallable data regarding the three types of batteries may be summarized
and readily compared in Figures 3.5.]1 and 3.5.2. The first figure readily
compares the specific weights of the three batteries and includes the effects
of temperature and discharge rate. The second figure is perhaps the most
significant in that it represents a summary of test results obtained to date
using the three batteries under cyclic test conditions. The data is displayed
with battery weight in pounds divided by megawatt=hour cycles as s function of
the number of cycles. In this way it is readily possible to compare the
performance of the several battery types tested for the number of cycles
indicated. The limit of depth of discharge is also indicated. Also, it must
be pointed out that the data points do not constitute the failure limit of the
batteries but rather the number of cycles they have satisfactorily completed
without failure. From the data it 18 seen that both nickel=cadmium and silverw
cadmium batteries have demonstrated life for over 5000 cycles. Also, the
reduced weight figure and higher allowable depth of discharge tolerated by

the silver=cadmium batteries indicates a definite superiority of the type for
high cyclic solar applicationms.

Manufacturers and other investigating groups have attested to the ability of
these batteries to withstand shock and vibration. Nickel=cadmium, in particular,
has been tested and found to withstand accelerations up to 1l g's; vibration

at 0.5 inch from 5 to 10 cycles per second; 2.5 g's from 10 to 50 cycles per
second, 5 g's from 50 to 40O cycles per second; and 7.5 g's from 400-3000
cycles per second;and a shock intensity up to 30 g's.
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3.6 Controls
The satisfactory operation of solar thermionic systems is heavily dependent
upon the characteristics of the overall control systems. Controls for the
generating system can be divided into four major categories, namely:

1l. Structure~deployment mechanisms

2. Orientation and startup controls

3. Thermal controls

4, Systems controls

Each category is in its turn vitally important to the overall system, and
furthermore, the efficiency of the system and its physical size for a given
power level is directly effected.

In summary, the objectives of the overall control systems are as follows:

1. Proper erection or deployment of the system in space.

2. Initial and continuous acquisition of the sun upon
emerging from the earth's shadow.

3. Precisely tracking the sun with the concentrator during
the sun portion of the orbital cyecla.

4. Rapid attainment of full power output from the converters.

5. Stable power generation characteristics throughout the sun
portion of the orbital cycle.

6. Protection of the converters from severe transients or
improper operational modes which would promote premature
failure or reduced reliability and performance.

T. Protection of the batteries from severe transients or
improper operational modes which would promote premature
failure or reduced reliability and performance.

8. Proper sensing and accommodation of vehicle system load
requirements under normal and abnormal circumstances.

In the following discussion an attempt will be made t0 briefly analyze the
system requirements in each of the major areas mentioned and to select the
nost sppropriate approach to meeting these requirements.

135



3.6.1 Structures and Deployment Mechanisms
Systems requirements such as the need for vehicle stowage, deployment mechanisms,

and structural members to insure the accurate positioning of the converters in
the focal point may also be considered as part of the systems control problem.
These latter items are heavily dependent upon the particular vehicle selected,
the purpose of the mission which will dictate the need for other equipment also
stowed in the payload area, and the size or type of helionic array selected for
the application.

It has been established that the modular concept using moderatee=sized concen=-
trators of the rigid high precision variety is indicated. With the state-of-
the-art in concentrators currently limited to diameters of five feet or less,
it becomes apparent that the structural system selected for deploying and
maintaining the modules in space is directly related to how many modules it
can satisfactorily accommodate. That is, how many modules can be nested or
stacked in the vehicle during launch, and how well can the structure limit
stack=up errors which contribute to concentrator misalignment. The deployed
structure must not interfere with other vehicle mechanisms nor should it restrain
or disturb the vehicle itself due to iner+tisl interactions. Finally, the
arrangement must also be satisfactory in terms of the aystem output voltage
requirements and must possess the degree of reliability or redundancy deemed
necessary.

Figures 3.6.1 through 3.6.5 present five concepts intended to meet the need of
a solar thermionic system from 125 watts to 3 KW. It 1s immediately apparent
that the complexity and the number of modules required for higher power levels
increases rapidly. It is this factor more than any other which will limit the
size of solar thermionic systems until the state-of=the-art in concentrator
fabrication is made to include precision concentrators of significantly larger
diameter.

The stowage and deployment of one or even several modules, as shown in Figure
3.6.1, is relatively straightforward. The mechanisms are simple and the structure
rugged. Simple hinges, springs, locks, and release mechanisms are adequate once
the vehicle is placed in orbit. As the system gets larger, as shown in Figures
3.6.2 and 3.6.3, more attention is directed towards limiting the stowage space
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requirements with an attendant increase in complexity and a marked increase in
need for precise aligmment of all structural parts along with controlled deploy-
ment. Simple extension or umfolding structures are replaced by more elaborate
truss work arrays as the size increases to maintain the necessary strength and

alignment accuracy and again the deployment programming is made more complicated.

For systems in the 1 to 10 KW range, the array-type deployment structure is
necessary. These structures fold compactly into the nose cone and are rigidized
by the addition of support structures, locks, and strategically placed prestressed
hollow columns fitted with explosive bolts to be released on command. With the
vehicle in orbit a timer or radio pulse will command the release of explosive
bolt assemblies. The deployment is then controlled by the paying out of a
motor-driven cable wvhich restrains the structures against extension springs.

These springs are graduated in strength to insure the outermost members are
fully extended before the immer members are allowed to move by the payout cable.

With each major segment of the structure moved into position, a release cable
allows the module concentrators or the generator erection structures to move
into proper position. Here snubbers and locks are employed to insure against
shock or deformation and bounce.

The aligmeent requirements of the solar modules is such that the greatest
possible accuracy be built into the structures. With small systems it is
possible, by controlling the dimensional accuracy of hinges and structural
members, to insure alignment between the vehicle and each module within .1
degree. With this being the case, the system can bDe rigidized and a single
orientation system used to control sun aligmeent. In larger systems, however,
this initial structural alignment seems doubtful and the use of the heliotropic
mount with each module and a gross vehicle attitude control seems desirsbls.

3.6.2 Orientation and Startup Controls
The selection of sn ordit also will have a considerable influence on the

complexity, weight and efficiency of the conversion system. The lower altitude
orbits vill generally be the least efficient, most complex, and require the
greatest weight. This high weight and low overall efficiency stems from the
large shade to sun ratio. This necessitates a larger conversion system to
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generate sufficient power in the sun period to accommodate the shade portion

of the cycle and imposes the great weight penalty associated with using
batteries to store this power. The lower efficiency is also strongly dependent
upon the actual period of power generation, which is less than the sun portion
of the cycle by the amount of time needed to preheat the converters to establish
operating temperatures. The shorter the sun period the more significant will

be the preheat period in evaluating overall performance. The fact that batteries
are used also imposes a reduction in efficiency because of the rharging efficiency
of the batteries. It may also be noted that batteries must be derated in pro-
portion to the cycle life expected and that this factor makes a considerable
difference in system weight between high and low altiiude orbits. Finally,

it can be seen that an immediate acquisition of the sun 1s necessary to insure
full utilization of the sun portion of the cycle. This then requires an
orientation system vhich has fast response and stebility upon emerging from

the earth's shadow or a system which continues to program the orientation of the
concentrators during the shade portion of the cycle so that the system is
peroperly aligned at the time it enters the sun.

For systems in the 1 to 10 KW range, it will be necessary that the course
attitude control. system in the vehicle be operational in the shade. That 1s
to say, the array must be properly directed at the instant it emerges from the
shade. The accuracy of this direction must be within :5 degrees. Also
because of the large mass and inertia involved in the helionic system, it 1is
most practical to have the system maintained in a sun-oriented attitude at all
times, thereby requiring a minimum of fuel or inertial control hardware for
the vehicle.

With the :5 degree direction assured for the modules, it is easily possible

for the heliotropic mounts to acquire the sun within the 6 minute accuracy
specified for the modules. Also, there will be no danger of burnout or
structural damage due to the concentrated energy being directed on a structural
member during the initial sun acquisition.

It has been determined that no startup control as such will be needed for the
thermionic generators. With the :5 degree initial dawn alignment insured,
the generator itself can be adequately shielded from burnout during the sun
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acquisition by the heliotropic mounts. Also, once the energy *s focused into
the generator cavity the generator will easily withstand the rapid warmup
cycle which wilt follow.

The generators developed under this program and previous efforts have demon-
strated their ability to survive step power inputs without excessive tempera-
tures or stresses being noted in the converter structures. The cubical
cavity generator, while not cycle tested in the laboratory, had been subjected
to rapid power application in the subsequent solar test effort using the

5 foot earthbound solar tracking rig. The stress of startup can, of course,
be of considerable importance in terms of the cycle life of the converters.
The proper control of cesium pressure and system load can, however, minimize
the extent and severity of such startup.

3.6.3 Thermal Control Systems

Thermionic converter operation depends on the temperature of three parts of

the converter being held within certain limits. These three parts are the
thermionic emitter, the collector, and the cesium well. Murthermore, in an
orbital application utilizing electrical energy storage, the time required to
achieve the temperatures necessary for operation is directly translatable

into a system performance loss. Fo. example, with a 55-minute orbital sunlight
period, each 33 seconds of warmup time results in a 1% drop im system perform-
ance. The sunrise period in a 90-minute orbit is 8 seconds. The gradual rise
of heat input during this period will reduce the thermal shock on the converters
and will lower the warmup time charged against the S55-minute sunlight period.

Operating experience with thermionic converters has shown that the thermionic
emitter can be expected to reach operating temperature in less than half a
minute. No temperature control is required for the thermionic emitter because:

1. The constant nature of the solar heat source precludes the
possibility of large heat input variations.

2. With about 96% of the focused energy being utilized under
misoriented conditions, input power variations due to
orientation changes cannot exceed Li%.
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3. Reradiation loss, being proportional to the fourth power
of emitter temperature, has a large stebilizing influence
on emitter temperature.

4, The suggested voltage control will keep the generators
fully loaded and will thus produce a stabilizing effect
on the emitter temperature by increasing "electron
cooling" as the temperature rises.

Assuming the application of solar energy is accomplished immediately upon entry
into the sun, there is still a period of time required to attain operating
temperatures and power output from the generator. There are three parts in a
generator assembly which must be maintained at the proper temperatures to insure
efficient operation. These are the emitters, the collectors, and the cesium
reservoirs. It becomes necessary then to rapidly raise the temperature of the
emitters by the direct application of solar flux, to heat the collectors by
conduction and radiant transfer from the emitters and later by electron flow
from emitters to collectors. With the collectors heated to a reasonable
temperature, it is then possible to heat the cesium reservoirs by conduction

from the collectors. This warmup sequence, however, may take a considerable
amount of time depending upon the masses involved and the amount of energy that
can be transferred by conduction, radiation, etc., with the particular configura-
tion used in a generator design. It can be seen that vhile it may be a simple
task to design a generator that will attain the proper equilibrium temperatures
under long=term operating conditions with a fixed power input, it is very
difficult to design a generator vhich will attain the same equilibrium conditions

very rapidly.

The elevation of the emitters to design temperature may be readily accomplished
because the mass involved is relatively small and for an inoperative genmerator
the main source of heat loss in the emitters is by radiation. In the absence
of a cesium plasme the emitters will heat rapidly until the radiation loss
equals the input power,as 1is the case with a simple light buld filsment.

A different situation exists for the thermionic generator collectors, however,
in that they usually constitute a larger mass vhich must be strong enough to
serve as the mounting base for the converter assembly and must have conduction
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paths of sufficient cross section to carry heat from the collecting surface to
the radiating surface. For a converter suitable for cyclic operation there are
three approaches which may be taken in designing a suitable anode. The first is
to make the anode mass very small so as to reduce its heat capacity and keep
wvarmup time to a minimum. The use of high emissivity radiator surfaces to
minimize the required area and a metal with light weight, good comductivity,
and low heat capacity will greatly assist in rapid warmup. The second approach
is to build a large heat capacity into the collector radiator by using large
masses of high=heat=content materials or even by using the latent heat content
of various elements. With this espproach, then, it may be possible to prevent
the collector temperature from dropping below the point where reasonable
operation can be expected immediately following the shade portion of the orbital
cycle. A third approach consists of the use of two members to constitute the
collector. In this instance the collector is coupled to a larger radiator mass
by the pressure exerted by bimetallic clips. If the collector begins to cool
down, the bimetal clip disengages the radiator and thereby retards the loss of
thermal energy from the collector. Other methods of shielding the collector-
rallator during the shade portion of the cycle may also prove effective in
maintaining operational temperatures by limiting radiation losses.

For systems proposed in the 1 to 10 KW grouping, it is more desirable to
construct a simple light weight generator. This means the collector-radiator
will be built with minimm mass and heat storage capacity. The conduction path
will be a minimm consistent with strength and mounting requirements. The
radiator shall be designed with the highest possible emissivity surface and
minimm area. Ko thermal control as such need be provided because the con-
verters are relatively insensitive to collector temperature. Thissimplification
and weight saving will more than compensate for the slight attendant loss of
performance.

With the strong dependence the comverter has on cesium temperature and vapor
pressure, this control area requires very careful comsideration. While test
data has shown that collector temperature may be varied by as much as 200 to
300°K without changing converter efficiency and output by more than a fev
percent, it has also shown that cesium temperature must be held to within 20 or
30°K to provide the same limits on performsnce variation. PFurthermore, it is
very desirsble to have the cesium pressure at the desired operating level to
16



assist in rapidly attaining thermal equilibrium within the converter and to
prevent excessive temperatures or thermal stresses from developing in the
emitter. It has been pointed out that the emitter heats very rapidly vhen
irradiated. The presence of the proper cesium plasma will permit the immediate
transfer of electrons from the emitter to the collector surface. This action
greatly limits emitter temperature by the process of electron cooling. Transfer
of large quantities of heat to the collector at relatively low emitter tempera-
tures rapidly raise the temperature of the collector and radiator, and,of course,
make a significant amount of power available to the vehicle system. With the
obvious advantages of being able to limit temperature excursion, reduce tempera-
ture gradients and thermal stress, rapidly attain thermal equilibrium and power
output, it seems very desirsble to have the cesium temperature maintained as
closely as possible to the optimum value during startup and operation.

The control of cesium temperature can be approached in many ways. The problem
here is somevhat different than with the collector because the mass evolved is
much less and the controlled temperature level is much lower. The simplest
concept in establishing cesium temperature is to size the conduction path from
the converter asssembly to the cesium reservoir to transfer sufficient heat to
Just equal the heat radiated by the reservoir at the design temperature. The
approach can be easily achieved if the converter is in equilibrium and the
environment is static. This is not at all the case with an orbital application
of thermionic conversion where the background radistion, concentrated radiation,
converter operation, collector radiator temperatures, etc., are all varying

as the system cycles through sun and shade conditions. More sophisticated
controls are therefore necessary to maintain proper temperature in the cesium
reservoir. As with the collector there are several heat storage techniques
that may help limit the excursion in cesium temperature during the shade portion
of the cycle. In addition there is the possidbility of using a conduction path
modulator control or using electrical heating in conjunction with a temperature=-
sensing or bimetal switching circuit. Another approach is to reduce the heat
capacity of the reservoir and place it in a position vhere it will intercept a
portion of the concentrated energy directed at the emitter. With this scheme

it would be necessary that the cesium reservoir be heated rapidly to an equilid-
rium temperature so that sufficient vapor is present by the time the emitter
attains operating temperature.
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All of the control approaches listed are, of course, dependent upon the con-
verter being at a temperature at least as great as the minimum reservoir
temperature encountered in the cycle. It follows then that whatever design 1is
selected for the system,the collector temperature must be maintained above the
desired cesium temperature or elevated to that temperature very rapidly.

Actual solar teste with the cubical cavity generator, as shown in Figure 3.6.6,
indicate that the temperature of generator collector-radiator will be raised
above the critical minimm cesium reservoir temperature of 300°C in less than
five minutes after a cold start at room temperature with sbout a 700 wett input.
The cesium reservoir, howvever, requires almost 30 minutes to reach the same
temperature. With the time response of the collector radiator unchanged, a
power input with a 130 watt per fta solar constant would permit attaining the
ninimm 300°C point in approximately two minutes. It follows that nearly full
power output can be realized in two minutes if the cesium reservoir temperature
can also be elevated to 3oo°c or better at the same time. To insure this in
systems specified for the 1 to 10 KW range, it is necessary to provide electrical
heat input for the cesium reservoirs. The heaters will be thermostatically
controlled to supply the few watts of power normally required to maintain

proper temperature. The thermoswitches will be set at the low end of the

cesium reservoir temperature band so that electrical power is added only with
the reservoirs slightly delow the optimm set point. During full power operation
the reservoirs will be designed to reach an optimum equilibrium temperature with
the heat conducted down the reservoir connecting tubulation from the collector.

Bach reservoir heater and switch will be shunted across its own converter
assembly. In this way the converters can provide added power to the heaters
to accelerate the warmup process and the batteries can heat all reservoirs
during the shade cycle since the generators will remain on the line during this
time. The heater and switch circuitry is shown schematically in Figure 3.6.7.
With proper design the reservoirs vill be held at approximately 280°C to 300°%C
with the thermoswitch set to operate at 310°C. During the sun portion the
reservoir wvill resch an optimm temperature of 322°c with no electrical power
drain,
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The advantage of using electrical heaters is immediately apparent if one
considers that for a 1.5 KW system the heater power required at 2 watts per
heater for 30 minutes is only 7200 watt minutes, which can be supplied in less
than 2-1/2 minutes of sun operation with the thermionic generator output of
2900 watts as would be required for an orbital application with battery storage.
Without reservoir heaters an estimated 16 minutes would be required to attein
near full power operation which then constitutes a loss of 39,000 watt minutes
to the vehicle system.
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3.6.4 FElectrical System Controls

To function properly, a solar-powered thermionic generating system for an
orbital application has need for several electrical control components and
control systems., A thermionic power conversion system must be capable of

(1) delivering the power necessary to satisfy the vehicle requirements,

(2) charging a battery bank needed to sustain the system during shade operation ’
and (3) making up the power dissipated in any conversion or control equipment.
The system 1s further complicated by the fact that a 55-35 minute sun-shade
orbital cycle is involved, and the system load is subject to variations from
zero to full power at any time.

To assist in the development of a suitable control system, it is first necessary
to evaluate the hardware that is currently available. This hardware includes
batteries, DC~DC conversion devices, regulation devices, and power dissipating
devices.

The overall electrical control hardware requirements for a typical system with
battery storage and cyclic operation may be summarized as follows:

l. System voltage regulation control.

2. System load demand sense.

3. Abnormal load demand sense.

4, Generator power output sense.

5. Battery charge rate control.

6. Battery charge level sense and control.

T. Battery discharge voltage control.

8. DC-DC converters.

9. Auxiliary load bank.
The design of an efficient system will combine the functions of sensing and

control mechanisas and integrate the logic network so far as possible to
minimize controls weight, volume and power requirements.

In the operation of the conversion system, it will be essential that load power
remain reasonably constant. In the region of the design point, most converters
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operate as constant power devices and will adjust voltage or current output to
maintain pover output with minor variations in load impedance. If load is
removed or greatly reduced, however, the converter is subjected to severe

thermal transients. The emitter temperature will rise very rapidly and emitter
work function will change greatly due to the removal of cesium atoms from the
heated surface. In this case, even when the load is restored, it requires some
time before normal operation can be resumed. This temperature excursion is
conducive to thermal stressing of other components, cracking of the emitter
structure, and rapid evaporation of the emitter material. This evaporation is,
of course, undesirable because it deposits on vehicle structure and solar
concentrators outside the converter and coats the collector with a higher
emissivity surface within the converter. Both actions cause a reduction in
system performance and efficiency. Also, the voltage regulation characteristics
of the thermionic generator will necessitate the use of some voltage regulation
device in order that a specified system voltage be maintained. Since fuel
consumption at part load is no problem, but peak load capacity is limited with
solar=povered systems, a shunt type parasitic load is the best voltage regulating
device. This type of regulator draws a minimum of power at full system load

and works well with generators having poor regulation. In this case, an auxiliary
load will serve two purposes, voltage regulation and generator load stabilization.

Several design approaches are possible for the auxiliary load and control. The
use of high=temperature, high=wattedensity radiators is suggested in any event
t0 minimize weight and bulk. The size and voltage regulation requirements of
the vehicle system will dictate the controls circuitry design. For smaller
pover systems it appears possidle to use a simple stepping motor and hermetically
sealed commutator to step in or out the required load increments necessary to
provide regulation. This stepping arrangement is felt sultable because the
thermal response characteristics of the generators are sufficiently long to
prevent any truly instantaneous voltage changes due to system load variations.
A stepping motor and low frequency sampling network can easily keep pace with
the anticipated rates of change.

For large pover systems or close regulation requirements,heavier and higher
speed mag-amp or controlled rectifier type gates may be used to regulate load
bank power dissipation.
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Where secondary batteries are used to supply power in the shade, voltage
regulation of their output will be required during at least part of the shade
time to protect the system from the high terminal voltage developed near full
charge. A voltage-dropping resistor will fulfill this requirement with a
minimm energy loss. It may be, however, that in many cases the battery dis-
charge voltage regulation can also be insured by the auxiliary load recommended
for voltage control and stabilization of the generator system. Since the
period of high initial battery discharge voltage is short, it may be possible
to reduce the voltage to the system by simply loading up the batteries with
the auxiliary loed bank. The power assoclated with the high initial voltage
will have to be dissipated parasitically in any case, and if the batteries can
be shown to withstand the higher initial current drain without excessive

heating or deterioration of cycle life, the controls hardware requirement will
be simplified.

The selection of batteries suitable for a one«year orbital application is
limited and Sil-Cad seems most acceptable. General specification for Sil-Cad
batteries include the capability of obtaining T7% charge efficiency, sufficient
cycle life with moderate derating, and a good watt=hour per poumnd figure.
Typical discharge and charge characteristic curves for Sil-=Cad batteries are
shown in Figures 3.6.8 and 3.6.9, respectively.

For charging secondary batteries, a voltage higher than system voltage is
required. This voltage may be ocbtained by placing in series with the line

an additional generator. This generator may consist of either a group of
thermionic generating modules or a DC=DC converter which draws its power from
the 28 volt line. The latter choice is preferred because:

1. The additional generating modules cannot, in general, be
made the same size and power as the other system modules.

2. The gains in relisbility achieved by the series-parsllel
connection of system modules would not apply to the
additional generating modules.

3. The DC=-DC converter can be conveniently combined with a
battery charging regulator and the system voltsge regulator.

154



ge 9t 1t

(4>

ot 8 %

sopuw ‘ewi|
v T o 8L 9l ri

4

ol

A¥ILIVE dS(S) SBSA X 9E
SIWV ¥S  JAIND 3DAVHISIA

ot

$HOA

ﬂg . 3.608

155



Volts

10

CHARGE VOLTAGE AND CURRENT
26 x YS 85 (S) SP BATTERY

10

Time, mintes

Fig. 3.6.9



The last item regarding the integration of a battery charging control is, of
course, necessary because of the variation in terminal voltage which results
from the changing charge state. One of the recommended charging methods is

to control the current at a predetermined level. For the battery charge
characteristics shown in Figure 3.6.9 a current-limited control that held

4O amps as the maximum level would be satisfactory. Such a charge current
control may be built into the DC~DC converter used to obtain the topping volt-
age. Such a converter circuit is shown in the block disgram(Figure 3.6.10)
and schematically in Figure 3.6.11. This converter-current limiter circuit has
been used successfully by Thompson Ramo Wooldridge for several similar control
applications.

Figure 3.6.12 presents a state-of-the-art sumeary of DC=DC converter efficiency
veight and volume as a function of input voltage. With the incorporation of
the current limiting feature discussed, these curves will require an upward
adjustaent.

Numerous system and control concepts are possidble. The control scheme selected
and integrated with the vehicle system and generating system is strongly depend-
ent upon the specific mission requirements. While it is impossible to present
all systems and controls combinations, several typical approaches can be
presented for comparative evaluation. The two circuits shown in Figure 3.6.13
are suggested for application in a 1.5 KW system. The first circuit uses a
DC=DC converter to provide a regulated 27.5 volt output with an input of
approximately 21 volts. The battery charging voltage is 1.45 volts per cell
and the discharge voltage 1.10 volts. These voltages have the same ratio as
system voltage and thermionic generator voltage. In this instance the 27.5
volts is impressed on the system losd and the dattery bank during the sun
portion of the cycle. During the shade portion, the output of the thermiomic
converter dissppears and the loss of voltage drop across Rl causes the battery
bank to be switched to supply the DC=DC converter. The auxiliary load is
sensitive to line voltage 50 as ¢to respond by applying loed when the voltage
rises tovards the upper limit maintained by the regulator circuit in the DC-DC
converter. This rise in line voltage would, of course, be related to the system
10ed levels. Also, there is a provision in the battery charging control to
place the battery on standby vhen full charge is reached. The power absorbed
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during battery charging is then absorbed by the auxiliary loed. The total
power output of the DC=DC converter is held nearly constant at 27.5 volts and
the input to the converter, vhether from the battery supply or the thermionic
generator, is held nearly constant at 21 volts.

The second circuit utilizes an identical battery charge control and auxiliary
load bank but only a small unregulated DC=DC converter to assist in obtaining
the voltage required to charge the batteries during the sun portion of cyele.
The supply voltage in this case is more dependent upon the gain of the auxiliary
load and the batteries or the generator as a relatively stable voltage source.

Although other circuits similar to Circuit 1 can be devised,the second circuit
is deemed superior for several reasons. The power requirement placed on the
thermionic generator in Circuit #1 is larger, and the converter regulator
circuitry is more complicated and less efficient as is shown by the following
calculations.

Circuit 1

The generator is assumed to generate full power in one minute after entry into
the sun. And from Figure 3.6.12, the DC=DC converter will be 84% efficient.
The generator power output may be calculated

88 ., n"ﬁr”’ = 3355 vatts (23)
€ Nc Tl [ 8 ¢

vhere P_ = generator power watts

P = syitem power 1500 watts

T = sun period 54 minutes

Ton = shade period 36 minutes

K, = DC-DC converter efficiency 84%

N, = battery charging efficiency ™

P‘= = charging and auxiliary load control power 15 watts
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Circuit 2

. . P; T, ) P, :'h:' . P, :'hN(E;-E')*‘ P o 278 atts
g s “b ¢c's “b c 4 °7s ¢

where
E_ = system volts 27.5 volts

E_ = charging voltage 36.3 volts

N, = Unregulated DC-DC converter efficiency 83%
with current limiting

It can be seen that only the topping voltage (!c - E’) is produced by the
DC=DC converter and that only this portion of the charging voltage is subject
to the losses associated with converter efficiency. Also, since the topping
voltage is used only in battery charging there is little concern over regula-
tion except in the gross sense, and there is no need for a filter network to
insure a quality DC output to the system. The system receives a nearly pure
DC from either the generator or batteries and in both cases the regulation
will be very good with total load power held relatively constant.

Heat Rejection

The proper operation and life requirements of the batteries apd associated
electronic control hardware is dependent upon the maintenance of a reascnable
temperature environment in space. Based on the charging efficiency of Sil=Cad
batteries of TT%, it can be shown that about 430 Btu/hr must be rejected to
prevent a temperature buildup in the batteries for each kilowatt of system
capacity. With a maximum operating temperature of 100°F specified for Si1-Cad
batteries, the heat rejection area required for direct radiant power dissipation
can be estimated.

A= o’e A (T

U S—
) .91.173(%)

= 2079 “2




where
0’ = Boltzmann Constant

& = .9 emissivity

The surface area of a single battery case sized for a 1 KW system load is
calculated to be approximately 3.6 ftz. It follows that the heat can be
rejected satisfactorily by radiation alone. The above estimate neglects

added heat inputs from the sun and earth or the rest of the power or vehicle
system, but is still indicative of the ability of a storage system to operate
without recourse to an auxiliary heat rejection system. The surface area to
storage capacity ratio will also suffer as the size of the system increases
towards the 10 KW level, but it is not anticipated that a serious problem will
arise. Actually, the vehicle frame and helionic system structure to vhich the
batteries are mounted can also be useful in rejecting excess heat.

The rejection of heat in the electronics packages is somevhat simplified because
the permissible operating environment is considerably higher than the 100°r
specified for the batteries. The most critical electronic compoments are, of
course, the semiconductors used in the control on logic circuitry. The
specification of silicon components raises the operating temperatures to over
125°C s thereby allowing a power dissipation at the rate of 123 watts per fte
with an emissivity of .9. It is quite certain that the nominal power require-
ments of the controls hardware will not present a problem. Again it should be
easily possible to maintain proper operati ng temperatures by controlling
emissivity and radiation from the controls container or the vehicle frame.

In both cases, however, a critical heat balance calculation will be required
for any proposed system to insure proper heat flux and freedom from localiged
hot spots.



4.0 PARAMETRIC DESIGN STUDY FOR SOLAR THERMIONIC POWER SYSTEMS IN
THE 1 TO 10 KW RANGE

System Design Philosophy

The basic objective of the solar thermionic system is to provide regulated

DC power to a load at 28 volts. The amount of power to be provided depends on
the load specified. This study investigates systems providing loads in the

1 to 10 KW range.

One of the design objectives has been specified as 10 per cent efficiency for
the system. Because of the difficulty of attaining this objective compared
with other objectives, it assumes the status of a guiding design criterion.
However, the effort to obtain efficiency must be tempered with the practical
consideration of system weight. Efficiency is not important from a fuel
consumption standpoint since the system is powered by solar energy, dbut it is
important from the standpoint of system size, both stowed and extended. Ilarge
size has its disadvantages relative to stowage volume and vehicle inertia in
orbit. The optimum power system is somewhere between the maximum efficiency
system and the minimum weight system, the exact location depending on poorly
defined tradeoffs between weight and size. The problem of optimization is not
as serious as it might first appear since there is some mutual consistency in
reducing both weight and size. The best approach appears to be to design for
maximum efficiency using lightweight materials and comstruction methods.

Since the thermionic converter is a low voltage device (about one volt), the
methods of obtaining line voltage must be considered. The alternatives are

(1) the use of a DC-DC converter to obtain the voltage, and (2) series
operation of a sufficient number of thermionic converters to obtain line
voltage. The power loss associated with static DC-DC conversion is quite

high, especially with low input voltages. The series operation, therefore,

is to be preferred from an efficiency standpoint and, for the reasons discussed
above, will be used vherever possible. Systems in the 1 to 10 KW range operating
at 10% efficiency in the specified orbit will require solar collection areas of
128 to 1260 square feet. Precision solar concentrators of this size are beyond
the state-of-the-art.



Obtaining the required area with a folding concentrator is not feasible because
of the loss of precision associated with the folding mechanism. The solar
collection area may be obtained without loss of precision by dividing the area
between smaller stowable one-piece concentrators. This approach is consistent
with that of dividing the line voltage requirement between a multiplicity of
thermionic converters. Thus, the system will consist of modular generating
units, each module being composed of a precision solar concentrator and its
assoclated thermionic generator.

With the modular concept, the system design problem is one of choosing a
module size and an arrangement of modules which:

a) produce the required voltage

b) are readily stowed and deployed

c) are readily fabricated

d) can be adapted to various power levels in the
1 to 10 KW range with a minimum of change.

Figure L.l illustrates the functional block diagrem which has been developed
for the parametric analysis of helionic power systems. The significant
input and output parameters of each of the system's functional parts are
indicated alongside the appropriate flow lines, while the significant design
parameters are indicated in each block. Figure 4.1 1is followed by a list of
the equations used in the program and a nomenclature of the terms and defini-
tions used in the study.

Development of the system performance equations is straightforward. The
definition of component characteristics is based on a variety of assumptions
and data as sumnarized in Section 3.0 of this report. Thus, the thermionic
converter characteristics were obtained by fitting laboratory test data to
empirical equations while the solar concentrator parameters result from rigidity
analyses, and the DC=to=DC static converter characteristics were defined by
fitting analytic curves through the best estimate available on the state of

the art for these devices. It is assumed that no DC-to-DC converter would be
required if the system output voltage is in the range of 26 to 29 volts DC .
The battery charger characteristics were assumed to be similar to the static
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converter charascteristics, since the charger would probably consist mainly of
a converter to attain the required voltage. The characteristics of silver-
cadmium storage batteries were obtained from the data available from programs
currently studying batteries for similar applications. Weight of the module
deployment structure is based on an analysis treating this structure as buss
bars.

One of the inputs to this program is tabular data of the solar power distribu-
tion in the solar concentrator focal plane. This data is obtained from a
separate modified pseudosun computer program developed for analysis of solar
concentrators. This program considers such effects as solar limdb darkening,
concentrator misorientation, concentrator surface inaccuracies, and apparent
solar diameter, as was discussed in detail in Section 3.3.

The major input variables to the system parametric analysis program are the
solar concentrator diameter and rim angle, the number of thermionic converters
per module, and the system power output. Possible module interconnection
schemes could be examined for each combination of input variables.
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Solve equations (17) and up for each combination of N,
and Np obtained from equations (12) to (16).
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k.2 System Selection Auxiliary Program

Data Input Subroutine

Fyr Fg» Foo Py F

System performance parameters of each system ( W, ‘6 , A, V, C)

Main Programs

W
max
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e
> et g
Amx
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vmx
4 RV=Fv Vv
C
5> B, = F, C
6. R =

Ryt Re * Ry + Ry + Ry

Printout Subroutine

Performance rating for each system (R, Ry» Rgs Rys Ry Rc)
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lh3

A
b

c

cat.

G,
%e

Ca

Caa

cut

Nomenclature

Effective absorptivity of converter cavity

Area occupied by deployed system (ttz)

Width and depth of concentrator support ring (ft)
Overall cost of helionic power system

Cost of final assembly and test of power system
Cost of energy storage batteries

Cost of battery charger

Cost of fabricating one thermionic diode

Cost of fabricating a diode converter subassemdly
Cost of electrical controller

Cost of dc = to = dc static converter

Cost of helionic module

Cost of parasitic load

Cost of fabricating solar concentrator

Cost of structure, assembly, and testing for heliomie
module subassembly

Diameter of converter cavity aperture (ft)
Diameter of solar concentrator (ft)

Effective enissivity of converter cavity
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Bb Rated watt-hour output of storage batteries

£  Pocal length of solar concentrator (ft)

rA Performance weighting factor for deployed area
F Performance weighting factor for system cost

F Performance weighting factor for stowed volume
r Performance weighting factor for system weight
t’ Performance weighting factor for system reliability
I Systea load current

I Helionic module current output

K Constant for cost of system assembly and testing
l‘ Deployment area space factor

%1 Constant for cost of energy storage batteries
Ky, Specific volume of storage batteries (£43 /u=tr)

-y

‘cl

‘cz ) Constants for efficiency of battary charger

K 3 }constants for weight of battery charger
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xc?

‘c8
l‘139

—

Ky

7

Ko

N

Constants for cost of battery charger

Specific volume of battery charger (ft3/1b)

rConstants for efficiency of static converter

pConstants for weight of static converter

pConstants for cost of static converter

Specific volume of static converter (tts/lb)
Ratio of weight of module deployment arms to total

weight of helionic modules

pCons tants for weight of parasitic load

rCon-hnto for cost of parssitic load

ot
‘ps
K

‘l‘t

Specific volume of parasitic load (ft°/w)
Specific cost of solar concentrator fabrication (0/“2)
Constant for cost of helionic module structural elements,

assembly, and testing

1%



K, Constant for weight of system intercomnecting cables (1b volta/vw)
‘V Stowage volume space factor

K 7, Constant for thickness of solar concentrator

"(1
onstants for shading of solar concentrator

"22

n Number of thermionic diodes per helionic module
N Number of helionioc modules in system

ll Minimum number of operating modules required

) | Number of modules connected in parallsl

N Number of wmodules connected in series

P System output power (watts)

P, Power supplied to storage batteries (watts)
Input power to battery charger (wattis)

P_ Fooal plane power within cavity aperture (vatts)
P, Power available in solar concentrator focal plane (wvatts)
Power input to system static converter (watts)
P Power output from s helionic module (vatts)

P Net thermal power available to helionic module

thermionic converter assembly (watts)
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Qﬂ P’

¢ L

.0

Power dissipated in system parasitic load (watts)
Power radiated by radiator of helionic module thermionic
converter assembly (watts)

Power reradiated from cavity aperture (watts)
Power input to the helionic module thermal energy storage
(1f used) (watts)

Weighted system performance rating

Weighted system deployment area rating

Weighted system cost rating

Weighted system stowage volume rating

Weighted system weight rating

Weighted system reliability rating

Solar constant (\ntu/rtz)

Time in sun per orbital period (hours)

Time in earth's umbra per orbital period (hours)
Total mission duration (hours)

Thernionic diode emitter temperature (°K)

System load voltege

Output voltage per thermionic diode

Input voltage to system static converter

Voltage output of helionic module

Volume oocupied by stowed system (£t7)

Volume of energy storage batteries (tt’)
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V, Volums of do « to - dc static converter (26)

V,, Volume of battery charger (£63)

Voc Volume of electrical control (£¢3)

V. Stowage volume of helionic module (ft?)

V. Volume of parasitic load (£¢3)

w ,, Reciprocal of specific weight of batteries ("h'/lb)
Yo Specific weight of diode converter subassembly (n’/v)

v , Specific weight of diode erection arm (*°/w-tt)

v, Specific weight of module deploywent arm (1%/1t%)

w . Specific weight of solar concentrator (n’/‘tt.3 )

¥ .o Specific weight of diode converter thermal control (1b/242)
W  Weight of system (1b)

W, Weight of energy storage batteries (1v)

Weight of battery charger (1b)

W, Weight of diode converter assembly (1b)

W__  Weight of diode erection arm (1b)

W__ Weight of electrical comtroller (1b)

W, Weight of system static converter (1v)

W_  Weight of helionic module (1b)

W_  Weight of system parasitic load (1b)
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W_  Weight of solar concentrator (1b)

W, Weight of diode converter thermal control (1v)

W_ Weight of system interconnecting cables (1b)

Yy Maximum number of failures which can be tolerated out of

y a parallel combination of llp modules

s Maximum depth of solar concentrator (ft)

Apparent solar diamster (radians)

s Overall system reliability

pb Reliability of storage batteries

ﬁbe Reliability of battery charger

/S, Relisbility of a thermionic diode

Reliability of module erection

/3, Reliability of system static converter

Sy Probability of having (N -K) modules cut of a parallel
ocombination of N b modules working at end of mission

,8. Reliability of a helionic module

ﬁ-‘ Reliability of subsystem of intercomnected helionic modules

/5, Meliability of system parasitic load

d  Thickness of module solar concentrator (ft)

" Ratio of the sum of the energy outputs to system load and

parasitic load to the total solar energy intercepted



’1' Ratio of energy output to the system load to the total solar
energy intercepted
flb Charge-discharge efficiency of storage batteries
n bo Efficiency of battery charger
)z Bbd Storage mttery discharge depth
7( q Efficiency of thermionic diode
)(1 Efficiency of system static converter
)?- Efficiency of helionic module
r(r Reflectivity of solar concentrator
’zrc Collector-cavity efficiency
W, Fraction of solar concentrator not shaded
9. Rim angle of solar concentrator
JA Polsson's ratio
M o Rosistivity of module deployment arme (ohm £t)
&, Provability of having x failures out of a parallel
combination of “p modules
T  The constant 3.14159. . .

0~ The Stefan - Boltssamn constant

-9 W
(5.2698 x 10 m)



¢‘ Maximum solar concentrator orientation errer

¢r Maximum angular surface deviation on solar concentrator

a [x]
2]

Tnax
*uin

NOTATION

The next integer value greater than x if x is non-integer;
x if x is integer

The next integer value smaller than x if x is nm-integer;
X if x is integer

The maximum value for x

The minimum value for x



k.4 Discussion of Results

Subsequent runs made with the program quickly indicated several limitations

on state-of-the-art helionic systems, and also suggested a reduction in the
scope of the study. In many areas such as reliasbility or system cost,the
results could be considered meaningless if not misleading. It was immediately
apparent that no satisfactory information regarding these areas was available
and the consequence of assumptions made could be completely unrealistic. Also,
the great number of conditions and combinations possible with the program
described made the costs of pursuing the program prohibitive in terms of
computer time required. The preliminary runs did indicate that most of the
extensive programming anticipated would not contribute meaningfully to the
understanding of the state-of-the-art in solar thermionic systems.

Practical considerations such as the maximum attainable diameter in state-of-
the-art concentrators, minimum sizes for thermionic converter or generator
assemblies, and the structural complications of trying to utilize or deploy
large numbers of smaller modular assemblies help to define the limits for
helionic systems. The practical range for systems for orbital applications
would seem to be for power ranges of from 200 watte to 3000 watts. It is also
shown in Figures 4.2 and 4.3 that for a power requirement (in this case 1.5 KW)
the cost 1s almost directly proportional to the number of modules used,regard-
less of concentrator diameter. Also,the spread of points shown in Figure .2
indicates the limited variation which results from different series.parallel
combinations on weight. In general, the effect on weight is sufficiently small
to disregard this factor and specify systems designs based on the most efficient
structural arrangement. The weight of the system is also shown to be directly
proportional to the number of modules. The diameter of the module does in this
case make a significant difference, however. The best results for most systems
are obtained with concentrators of 3 to 6 feet in diameter which fortunately
lies within the state-of-the-art in concentrator fabrication capabilities.

With the size limitation of 200 to 3000 watts dictated by practical structural
consideration and the relative insensitivity of the gystems to various stack-up
arrangements, a 1.0 or 1.5 KW system design can be considered typical of all
practical helionic systems. The support and deployment arrangesents may vary
with the power level, but the weights, costs and overall efficiencies will
retain nearly the same relation to the specified power level. Figure 4.4
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also shows the typical relation between overall efficiency and the number of
modules. Again, the best performance is observed with the minimum number of
modules possible. The optimum size for the concentrators is close to 5 feet.

Utilizing a structure similar to those shown in Figures 3.6.4 and 3.6.5, or
variation of these with approximately the same structural weight to power
ratios, a summary of the parametric evaluation -~s applies to a 1.5 KW prototype
system can be carried out. The complete orbital power system will include:

(1) orientation systems to keep the generators aligned with the sun,

(2) vatteries to store energy for use during the shaded portion of the orbit,
(3) power regulators for both the battery and the system load, and (4) a
system for deploying the generators from their vehicle.

These figures show two methods by which the generators might be extended from
a vehicle. Bach concentrator is held by a ring which is supported by a yoke.
The yoke is attached to the extension arm through a gimbal arrangement which
allows the concentrator to pivot about its focal point. The concentrator is
then aligned with the sun by bimetalliec elements which become heated when the
concentrator is misaimed. A developmentel model of such an orienting device
called a heliotropic mount was shown in Figure 3.4.4. The absorber containing
the thermionic converters is fixed to the extension arm at the focal point of
the concentrator.

Solar Concentrator Optical Performance

When a solar concentrator is aimed at the sun, the solar energy intercepted
will be focused near the focal point of the concentrator. Stated in optical
terms, an image of the sun will be formed in the focal plane. The distribution
of the solar energy about the focal point is dependent on the following:

1. Intensity distribution of the solar disec.
2. Surface finish of the concentrator.

3. Reflectivity of the concentrator.

L. Aperture ratio (diameter: focal length).
5. Geometric accuracy of the concentrator.
6

« Alming sccuracy of the concentrator.

i)}



7. 8Size of the concentrator.

The intensity distribution of the solar disc is shown in Figure 4.5. When
the sun is reflected from a polished surface, the intensity distribution is
modified by the imperfections in the surface and is decreased by absorption
by the reflecting surface. The modified intensity distribution we call the
"psuedosun intensity distribution." (Refer to Section 3.3, Figure 3.3.4)
Figure 4.5 shows this distribution for a polished aluminum surface. The
intensity shown has been scaled up to exclude reflectivity effects.

The effect of aiming errors is to displace and distort the flux profile. The
displacement is the product of the angular aiming error and the focal distance
and the distortion is negligible for errors up to about one solar diameter

(0° -32'). (See Section 3.3, Figures 3.3.5 through 3.3.8).

Geometric inaccuracies may be expected to be present in any lightweight solar
concentrator. These inaccuracies will be manifested as surface ripples or as
a gross distortion of the concentrator, and they will cause the image to be
spread and less intense.

Solar Concentrator Weight

The weight of the solar concentrator and its support structure was treated in
detail in Section 3.3 where it was shown that the concentrator shell weight 1is
proportional to the surface slope error @ to the minus 2/3 power (¢ -2/ 3) and
the support ring weight is proportioned to @'

Test of a five foot diameter electroformed nickel concentrator with a thickness
of 0.020 inch and a rim angle of sixty degrees, shuws an image spread corres-
pording to an effective surface slope error of 2.7 minutes. Using this
information, the proportionality constant, K = ¢ ER/A3 (see Section 3.3) was
deternined to be 10,000 min-lb/in. The optimum concentrator weights were

then calculated and the P/W curve shown in Figure 4.6 vas obtained. The
thicknesses for a five foot, sixty.degree concentrator are also shown.

Solar Absorber

For a cavity-type absorber, the absorptivity is dependent on the surface
sbsorptivity and the number of reflections of the incoming rays before they
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leave through the aperture. The number of reflections is dependent on the

obliqueness of the incoming rays and the shape of the cavity. Calculations
have shown that a cavity absorptivity of 93% can be achieved with a cavity

having a diameter or width equal to the' depth and a surface absorptivity of
45%, when used with a 60° rim angle concentrator.

The emissivity of a cavity is a function of the surface emissivity and the
cavity shape. The shape parameters generally used are the depth, aperture
ratio and the surface area, aperture area ratio. For a typical square cavity
having a surface emissivity of 23%, the cavity emissivity is 75% (see

Section 3.2).

Solar Concentrator - Absorber Combination

The object of the design of the solar concentrator-absorber combination is to
make available to the thermionic converters a maximum amount of power at a
minimum penalty. The associated penalty is a combination of several factors:
weight, extended ares, stowage volume, cost, and reliability. Since the
concantrators constitute a large share of the mass of the power system and

since area and volume are closely linked to weight, a weight optimization will
produce a system with near minimum penalty. Reliability will not be compromised
in minimizing weight.

Maximum power will be delivered to the absorber when the radius of the absorber
aperture is that radius at which the reradiated flux equals the absorbed flux.
However, the power delivered is not very sensitive to changes in aperture
radius or concentrator rim angle when the optimum radius is near three solar
image radii or greater,as is usually the case. Therefore, in order to simplify
the analysis, 1t has been assumed that the optimum radius is three times the
product of the solar half-angle (.00465 rad.) and the concentrator radius, and
96% of the focused power passes through this radius.

The above power considerations apply to a rigid concentrator perfectly aimed.
When there is an aiming error, the aperture radius must be increased to accom-
modate the displaced image. As the concentrator is made thinner, surface slope
errors increase,causing a spread of the solar image and requiring a larger
cavity aperture. This spread may be assumed to be equivalent to increasing
the angular radius of the pseudosun by an amount 2 @ where ¢ is the surface
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slope error. The aperture radius is then:

4
r, = 3:'c (—2—+ of) + td (24)
vhere & = misorientation angle
f = focal length
r e ™ concentrator radius
‘—; = solar half-angle
since f®r

c

The area ratio is then

L}

A 2 2
i-(—‘-) = (34468 +)) (29

r

[+]

Power delivered to the absorber is then

b
P = qeaAc- EST A, (26)
where q = solar flux constant
C = concentrator reflectivity
a = absorber absorptivity
£ = absorber emissivity
-IAL' qfn-zf'ru(%‘(+ 64¢ +)’)2 (21)
e
Assuming .2
W
i— = K ¢ 3 (m)
e
Then P b 3 e 2
§F -[ees-€rT (3%X+68 +V) 83 (=)
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Maximizing % yields

¢ = %A’+ ¥ /9 N 16 q?fa 1_5 (30)
g‘t’Th ( %‘+ Y)a

Thus, the concentrator thickness which gives maximum thermal power per pound
is that which limits the surface slope error to the optimum.

Figure 4.6 shows optimum @ as & function of T for the case where:

qQ = O0.l4 wvatts/sq. em.

€ = 0%

a = ,935
€ = .753
o = 32' = .0093 rad.

Y = 6' = .00175 red.

Thermionic Converter

The thermionic converter characteristics must be determined so that they may
be examined in combination with the concentrator and the absorber to determine
the optimum operating conditions. The characteristics have been obtained by
fitting laboratory test data to empirical equationms.

Since power output follows closely the emission cg.pabilities of the thermionic
cathode, an equation of the form P, = K, ?f Ko X 1L,600) Lo rittea

€ T

to the test data. This is the form of the Richardson emission equation. For
the converter tested, with all parameters optimized except temperature,

K2 = 1, K3 = .009,and X_, of course, depends on converter size.

3

5/2
For the input power, an equation of the form Pi = Kh P° + KS T was

fitted to the test data. The TS/ 2 term is the form of the solution to the
combined radiation-conduction problem. It also closely‘reprelents the case
of parallel radiation and conduction when the two are nearly equal. Analyses

mn
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of conditions in the converter have shown that this 1s usually the case. The

results of the curve fit yielded X, = 3 and K5 = 3.45 x 10-6

Then efficliency may be expressed as

P P

N = =2 = o ( 31)
t By 3P, + 3.45x 100 9/2
i 1
3 . 3b5x 100 /¢

.009 T2 exp (-11,600/T)

1

(32)
¢ 3+ 3.73x 1o'vf'F exp (11,600/T)

This relation is shown in Figure 4.7.

Generator Module

By multiplying the thermal power plotted in Figure 4.5 by the thermionie
conversion efficiency, a plot of power output as a funetion of temperature
may be cbtained as shown in Figure L.7. Note the maximum power per solar
concentrator pound occurs at a temperature of about 2100°K. Efficiency can
be increased at higher temperatures but system weight will go up. Also, the
maximum power obtainable at 2000°K, vhich is considered realistic in terms of
life requirements, is only slightly below the optimum. This lower operating
temperature is therefore selected for the design.

Conclusion

Results obtained from the parametric design study, var ious solar concentrator
development programs, as well as the extensive thermionic generator performance
tests carried out under this program, have been evaluated. Where minimum
system weight is the design criteria, system weights of the order of LLO pounds
per kilowatt of continuous power for a 90 minute orbital application can be
achieved with current state-of-the-art components.

198



10

GENERATOR ELECTRICAL PERFORMANCE

l
Thermionic
Converter
Efficiency
N
D%
PM (watts/lb)
/
1900 2000 2100 2200 2300
OPERATING TEMPERATURE, %K
Pig. b7

199



Solar concentrator weight reductions, which could result from current efforts
to develop high precision aluminum concentrators, as well as the attainment of
higher cavity absorber and thermionic converter efficiencies which should result
from many current development efforts will permit a reduction in the specific
weight.

The Appendix of this report presents a detailed design of a 1.5 KW continuous
power solar thermionic system based on the evaluation of all study and test
results acquired during the conduct of this program,



APPENDIX
DESIGN AND TEST SPECIFICATION FOR

1.5 KW SOLAR THERMIONIC POWER SYSTEM
Introduction
The 1.5 kv thermionic power system specified for a one year orbital application
represents a careful integration of many concepts and state-of-the-art components.
The system is somewhat larger than estimates made early in this program would
have indicated but it 1s still very competitive with all other auxiliary power
systems suitable for the prescribed application. Also the design presented is
quite flexible in that it can easily be modified to provide many other power
or voltage requirements with only minor changes within the system. The system
as specified actually has the capability of supplying from zero to 4.5 kw of
pover under certain circumstances as well as the continuous 1.5 kv used as the
nominal design level. All of the components and structures presented in the
system are felt to be realistic in all respects. The weights and efficiencies
attributed to components such as the solar concentrators or thermionic generators
may not be as optimistic as other studies would indicate, but all such components
have been tested and proven beyond a reasonable doubt to be capable of fulfilling
the needs of this system.

The reliability of such a system is still subject to question. None of the major
components has actually been tested under the conditions or for the time speci-
fied for this application. All components do represent a considerabdble improve-
ment over hardware available at the time this program was initiated. Life test
programs and environmental test programs of many sorts are currently being
conducted to determine component capabilities and reliability. With the progress
made to date in the state-of-the-art in various component areas as a guide it
seems quite reasonable that all components specified for this system can be
fully qualified in a reasonable time span.

System Description

The overall system is shown in block diagram form in Figure 1, and in the systems
layout Figure 2. The basic system is made up by a structural support and deploy-
ment system, a modular assembly constituted by a generator and solar concentrator
assembly, and controls and power distribution system. The entire array can be
stoved vithin a vehicle volume 9 feet in diameter and 16 feet high. The system
is shown in the stowed and deployed positions in Figure 2.
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The operational sequence of the system is described as follows,

1.

2.

5

T.

With the vehicle in orbit and sun oriented within 5 degrees the
nose cone is jettisoned.

Upon radio or timer command the explosive head of the support
tube assemblies are fired and the extension drive motors activated,
The extension drive motors pay out cable at a controlled rate.
The extension springs located at each hinge point between the
conductor struts and buss channel are graduated in stiffness to
insure the outer most buss section is completely deployed before
the following section begins to move.

As each buss section reaches the fully extended position a second
cable, fastened to the conductor struts and fed through the buss
structure,is placed in tension and extracts the clips holding the
bucket handle and generator assembly secured to the support pin
and bracket assembly on each concentrator rim.

The actuator spring located e. the hinge point between the bucket
handle and the hinge bracket causes the concentrator assembly to
slovly rotate until it arrives at a point 950° removed rrom tle
stowed position. The disc-type viscous dampers mounted on the
shaft assembly provide a control of the rate at which the
concentrator rotates into position. This darper assembly is
charged with a heavy high-vacuum grease capeble of withstanding
hard vacuum and extremes in temperature for long periods 1if
necessary. Also the eventual loss of part or all of this grease
vill not subsequently affect the system.

Upon reaching the erect position, 90° removed from the supported
position, the bucket handle is locked into place on the concentrator
rim by a simple spring latch and stop assembly. This places the
focal point of the concentrator within the area controlled bty the
heliotropic mounts on the generator assembly,assuming the initial
5° orientation is held ty the vehicle,

The extension motors release cable until all modules and structures
are in their proper position. The cables that release the module
concentrators also serve as a stop to limit the extension of each
buss section. (It is also possidble with some modifications to
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9.

10.

11,

restow the entire structure in space by rewinding the cables, should
such a feature be necessary).

The support tube assembly is Jettisoned, section by section, as the
buss section is extended. The wire tension member will whip each
tubular section awvay from the vehicle as it is retracted in the
extension process,

In the deployed position the modules will generate power during

the sun portion of the orbital cycle to supply the vehicle system
load, the bvettery load, and the control power requirements.

During full system load requirements the system will receive 1.5 kw.
The batteries will be charged at a rate of 40 to 41 amps as determined
by the current dimiting character of the DC-DC converter charge
control. The charge control will also disconnect the battery bank
when the charge level,as indicated by the terminal voltage, reaches
full charge. The auxiliary load bank will automatically cut in
sufficient load to utilize the output of the thermionic generators
and to maintain the voltage supplied to the vehicle system near the
28 volt level, If the vehicle should demand more than 1.5 kv the
line voltage would drop. This would completely cut off the auxiliary
load and if this were not sufficient and the voltage level drops to
below the minimum 26 volt specification the battery load bank will be
cut in to supplement the system generators. A total: of nearly

4.5 kw can be delivered for a short period in this manner,

During the shade portion of the orbital cycle the generators will
cool. As the generator output drops off the auxiliary load,if
activated,will be automatically reduced to help maintain system
voltage. The charge control will also sense the decline in
generator output and switch the batteries to the vehicle load.
Initially the auxiliary load may be activated and absord large
amounts of power., This is due to the high initial discharge voltage
characteristics of the battery. As this excess in battery potential
declines the auxiliary load will be cut off and the batteries will
provide a constant 27.5 volts throughout the balance of the discharge
cycle. The battery bank will also provide a small amount of control
power and cesium reservoir heater powver throughout the shade

portion of the cycle.
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The basic building block for the system is the modular assembly shown in

Figure 3. By altering the size and number of modules used, a wide variety

of power outputs can be obtained over a range of from 100 to 3000 watts

at voltages from 0.6 volts to 144 volts or more. Figure 2 illustrates the

ease wvith wvhich additional modules can be added to the system. Two sections

or six additional modules are shown attached to the 1.5 kv system (18 modules).

The module consists of a generator assembly, a concentrator assembly, and the
associated support or erection structure.

The concentrator assembly consists of a precise parabolic electroformed nickel
shell mounted to a nickel torus and fitted with support brackets and hinge
brackets. This assembly is formed by the use of blind rivets and epoxy adhesives,
Other techniques for producing such an assembly have been used successfully but
the complications and cost involved with techniques such as the integral electro-
forming of support ring and concentrator shell are not justified.

The generator assembly is shown in detail in Figure L., The basic converter
structure shown in Section G-G is identical to the configuration used in the
cubical cavity assembly discussed in this report. The emitter structure has
been modified to provide a more efficient cavity gecmetry. The radiator also
has been changed to obtain a geometry vhich is felt to be a considerable
simplification over the cubical cavity geometry. The block into which the
converters are inserted and the methods of mounting are also an improvement
over the cubical cavity arrangement. The heliotropic mount assembly is made
to fasten directly to the generator block,

The advantages of this generator configuration are summarized as follows:

1. Larger cavity-to-aperture area.

2. All converters are identical.

3. Cevity sperture actually formed by emitters.

4., Radiator geometry simplified.

S. Converter mounting and interconnection simplified.

6. Effective emitter area to cavity area ratio is large.

T. Internal flux distribution is more uniform with no bottom converter.
8. Shielding against radiant heat loss is improved.

9. Cavity block configuration more suitable for mounting.
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10. Cavity block easily integrated with heliotropic mount.

11, Assembly is lighter in weight.

12, The converter configuration has been proven most reliable under
test and has demonstrated satifactory performance capabilities.

The other structures associated with the module may be altered as required by
the vehicle system for any specified power level. For the 1.5 kv system the
scissors or folding gate type structure seems particularly suitable. The
structure is simple, keeps the number of parts required to a minimum, permits
easy electrical interconnection and is strong and stable., The size of the
systen modules and other members is such as to permit easy handling and
asgembly. The nature of the assembly would also make the interchanging or
substitution of components or modules an easy matter,

The frame structure which permits the helionic array to be assembled to the
vehicle is shown in Figure 5. A simple rigid "A" frame structure formed of
aluminum angle and tubular sections is used. The corner angle pileces serve
as the support members for all the modular assemblies during launch. The
supporting action is accomplished by the tubular columns formed by rigidizing
the short sections of support tube with an internal tensile member.

The deployment structure which also serves as the electrical conductors for
the generator outputs is shown in Figure 6. The "C" channels are fastened back
to back with suitable insulator fastener assemblies. The generator output from
each three-module section is fed to these channel busses, one of which is
positive and the other negative. The entire section assembly is fastened tc
adjacent sections by the conductor struts which are used to carry the generator
outputs by proper use of jumper cables and insulator inserts., The struts are
hinged to the section channels to permit extension of the sections due to the
force applied at the hinge points by the extension springs.

The control circuitry provided for the system is shown in Figures 7, 8 and 9.
The current limited DC-DC converter schematic is shown in Figure 7. This

control provides a variable topping voltage necessary to give a charge current
of approximately 41 amperes.

Using all silicon components as shown in the parts list, dissipations and
efficiency for the current limited converter are as follows:
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Output power (12 v at 41A) 492 watts

Qutput rectifier loss (from data sheet) 30 vatts
Current sense loss 10 wvatts
Output transformer loss 20 watts
Power transistor loss 50 watts
Logic power 25 watte

Total input power 527 watts

P
our 592 o o
" e = = )
N ==

Replacing the silicon 2M2124 with germanium 272159 power transistors increases
the efficiency as follows:

Output power L92 watts
Output rectifier loss 30 watts
Current sense loss 10 wvatts
Qutput transformer loss 20 wvatts
Powver transistor loss 10 watts
Logic power 25 wvatts

Total input power 587 watts

P
OuT 492
QR

Using germanium power transistors means the transistor studs must be kept to
about 90°C which means a heat sink temperature of about 70°C maximum. With
the silicon power transistors the transistor studs must be kept to about 145°C
or a heat sink temperature of about 125°.

Preliminary calculations indicate the use of germanium components is reasonable
because the necessary heat dissipation can be managed by direct radiation from
the controls housing.

The auxiliary load control and sensing circuitry is shown in Figure 8. The
sensing circuitry is simple and yet very reliable and stable. The circuit can
be adjusted to sample load voltage over a frequency range of from one cycle
per several seconds to 30 cycles per second. The upper limit on the sampling
rate is determined by the response of the switching or stepping motor. A
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relatively low cycle rate can be tolerated because of the large thermal
capacity of the generators which will prevent any step-type transients dve to
system load variations. This lower cyclic rate should help insure the ability
of the stepper switch to meet the one-year operational life requirements of

the system. The gain of this control can easily be varied but will be adjusted
to apply or remove load in the range of from zero to 3 kw with a voltage
variation between 27 and 28 volts d.c.

The logic and buss circuitry which controls system operation and power distribu.
tion is shown in Figure 9. The logic circuits employ simple contactor controls
and zener diode referenced relays to affect proper operation of the system,

The flow of current in SRC due to generator output causes contactor CA to apply
the generator output to the system load. Contactor CB is also de-energized
disconnecting the battery buss from the system load. In the event the system
load voltage is too low, as it may be during generator warmup, relay SRE is
de-energized ,thereby energizing contactor CC vhich again applies the battery
buss to the system through contacts CCl' As the batteries reach a full charge
condition relay SRD cuts out contactor CD vhich reroves the battery from the
charging circuit. The battery would then remain on standby until either the
generator output or the system buss voltage drops sufficiently to contacts

C]31 or Cc1 and again apply the battery bank to the system buss. The awiliary
load bank functions continuously to maintain system load voltage between the
operating point of relay SRE and an upper system voltage of 29 volts.

A preliminary parts list for all control components is shown in Table I. A
complete control housing is shown in Figure 10. This housing is hermetically
sealed and the package charged with dry nitrogen. An estimate of total
controller weight is 22 pounds.
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TABLE I

Preliminary Parts List

Symbol Vendor Part No. Specification
Systenm Source Control

Zg q Motorola L - 1N751 Selected MIL-8-19500/127

Zg Motorola 7 - 1NT51 Selected MIL-S-19500/127
s%,n,n Couch 3 - 2R25A370-B MIL-R-5T57
cA,B,C,D Hartman 3 - ATTOFA MIL-R-6106

Ry, Corning L - 108 RD6O MIL-R-11804, Char P
C, Electron 2 - WEk-564 MIL-C-18312

C3 Electron 2 - WEL-105 MIL-C-18312

System Voltage Control

W, Ledex 1 - 215052 Special MIL-E-52T2

R, Corning 2 - 22KQ RDEO MIL-R-11804, Char P
R, Corning 2 - 2200 RD6O MIL-R-1180%, Char P
R, Corning 1 - 10K RD6O MIL-R-1180%, Char P
R, Corning 2 - 108 RD6O MIL-R-1180k, Char P
N Sprague 2 - 1u3pMh MIL-C-25

C, Electron 2 - WEL-564 MIL-C-18312

snm’13 Couch 2 - 2R25A390-B MIL-R-5T57

T, General Electric 2 - 2wi89 MIL-T-19500/75

P, Bourns 1 - 2245-1-103 2Kl = MIL-E-5272, Std-202A
P, Bourns 1 - 2245-1-103 2KQ.  MIL-BE-5272, Std-202A
zZ, Motorola 2 - INT51 MIL-S-19500/127

Z, Motorola 2 - IN753, INTUE MIL-8-19500/127

Zy Motorola b - INTS1 Selected MIL-8-19500/127

Z, Motorola 5 - INT51 MIL-S-19500/127

R, Corning 1 - 2K RD6O MIL-R-1180%, Char P
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TABIE I (Cont'd)

Preliminary Parts List

Symbol Vendor Part No. _Specification
Current Limited Converter
R, Corning 1 - 5606 RD6O MIL-R-11804, Char P
Ra,w Corning 2 - 229 RDKO MIL-R-11804, Char P
Ry Corning 1 - 10KLRD6O MIL-R-1180%, Char P
Ru,n Corning 2 - 3308 RD6O MIL-R-11804, Char P
Rs,e Corning 2 - 1,8Kk0 RD6O MIL-R-11804, Char P
36,9 Corning 2 - L, 7KQ RDSO MIL-R-11804, Char P
R.,,m Corning 2 - 680 RDSO MIL-R-1180%, Char P
R, Corning 1 - 2.TKQ RD6O MIL-R-1180%, Char P
Rio Corning 1 - 1.5Kf RD6O MIL-R-11804, Char P
TRY Corning 1 - 398 RD6O MIL-R-11804, Char P
Rig Dale 1 - .006£l RH25 Special MIL-R-18546
Ryq Dale 1 - 1,00 RH10 MIL-R-18546
Rig Dale 1 - 5.0 RHS MIL-R-18546
Cy General Electric 1 - 29F1623 MIL-C-3965
Co General Electric 1 - 29F1091 MIL-C-3965
Y 23,4 RCA b - 2M1U86 SCL-T002/ThA

,6 Westinghouse 2 - 2N212k New

Motorola 2 - 2N2159 Alt New

D 2,3, Transitron 7 - 1N458A MIL-E-1/1027
4,5,6,1h
Z1,2 Motorola 2 - 1N3034B MIL-S-19500/115A
24 Motorola 1 - 1388 MIL-8-195C0/156
z, Motorola 1 - 1N2980 MIL-8-19500/12k
D78 Internationsl 2 - 1N253 MIL-E-1/1024A
°9,1o General Electric 2 - 13289 New
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System Design Calculations

1.
2.

3.

Vehicle System Requirements

Battery Storage Requirements

a. System power(1500 vatts x 36 minutes)

b. Cesium hester power(2 watts x 90 x 35 mimutes)

c¢. Control power(15 watts x 36 mimutes)

4. Battery discharge 1oss 6 volts x 54 amps x 8 minutes
Total

Battery Charge Efficiency = T7%

o Total Battery Storage Power

DC-DC Converter - Limiter Loss

12 volts x 4O smps x 54 mimites (-wl— -1)
[

vhere N, = converter efficiency = 83.7%

Generator Power Requirements
8. System power

b. Storage power = 8—§,‘-—2 100 :::tm

¢. Converter limiter loss = '-%9,‘3 ::t‘“

4. Control power

System Array Specifications

Number of modules
Number of converters

System voltage (6 generators in series)

Systea current (3 generators in parallel)
Generator current

Generator volts (5 converters in series)

Converter volts
Emitter area at 8 vuttl/cna

220

1,500 wvatts

54,000 watt-min
6 »300 watt-min
540 wvatt-min
2,590 vatt-min
63,430 vatt-min

82,400 vatt-min

4,100 vatt-min

1,500 vatts

1,525 watts
76 watts

15 wvatts
3,116 watts

18

90

27.5 volts
113 ampe
37.7 emps
k.58 volte
.918 volts
4.33 ca®



Ideal generator efficiency is 114 at 2000°%K for 3.5 volts output. Operation
et 4.56 volts will reduce efficiency to 10.5%.

Total system thermal power requirement %—J"-g;— = 29,600 watts

For a 2000°K cavity temperature,cavity absorber efficiency will be 75%.

Total cavity input pover requirement ?—9«,%9 = 39,500 vatts

Concentrator reflectivity is 894,

Concentrator area is B”Q%&rs%-x—m = 18.9 £t2

Shadov ares is .6 £t2,
o Total concentrator area = 19.5 ££2,
Concentrator diameter = 4.98 ft.

System Weight (1.5 KW System)

A complete breakdowvn of the cowponents,assemblies and subassemblies is given

in Teble II. The combined weight for the system, subassemblies, and components
is sumnarized in this table. Also shown is the number of components of a type
required and vhere applicable the materials used, and the volume and unit weights
of these components.
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1.5 KW DESIGN AND TEST SPECIFICATION

1.0 SYSTEM AND COMPONENT SPECIFICATIONS

1.1 System Performance

1l.1.1

l.1.2

1.1.3

1.1.4

1.2.

l.2.1

l.2.1.

Power Output

The system shall be capable of producing a useful electrical power
output which may be varied continuously or in discrete steps in the
range from O watts to 1500 watts, when used in earth satellite
vehicles. A continuous power output capability of 1.5 KW shall be
required. Battery storage will be utilized to provide power during
shade periods.

Regulation

The voltage shall be regulated at 27.5 volts and shall be maintained
within 2 1-1/2 volts from O to full load. An automatically adjustable
impedance load will be used in parallel with the useful load to

insure constency of total load on the power system.

Operating Life
The system shall be developed ultimately to attain a reliability of
at least 95% for mission durations of one year.

Launch Power Requirements

No power will be required during launch. The system shall start

within five minutes after reaching orbit, which shall occur from

five minutes to six hours after launch, and course orientation of
the vehicle toward the sun within : 5 degrees.

Environmental Conditions

Launch Conditions

The power system when packaged within a vehicle shall be capable of
withstanding the following environmental conditions before and
during launch:

1 Temperatures ranging from O°F to 200°F.
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l.2.1.2

1l.2.1.3

1.2.1.4

1.2.1.5

Pressures ranging from 1 atmosphere to O.
Relative humidity ranging from 0% to 100%.

Maximum acceleration of 10 g's along the longitudinal axis
and 1 g along any lateral axis of the vehicle.

Vibration for a period of 10 minutes within the range of 20
to 2000 cps with 0.050 inch double amplitude of vibration.

1.2.2 Space Conditions
After injection into any earth satellite orbit above 300 nautical miles,
the power system shall be capable of unfolding, and upon being properly

orientated toward the sun, operating for one year under the following

conditions:

Adequate energy storage shall be provided for any circular earth

satellite orbit having orbital sun-shade periods of 55 and 35

minutes, respectively.

l.2.2.1

l.2.2.2

l.2.2.3

l.2.2.4

1.2.2.5

1.2.2.6

Zero-absolute pressure.
Linear accelerations up to 10-3 g continuously in any direction.

Angular accelerations of up to 1 degree/sec2 and angular rotation
rates up to 10 degrees/sec about any axis for periods of up to

5 minutes each. Angular orientation will be required to be
performed without folding the solar concentrators. System

operation during such maneuvers is not required.
Zero gravity during the operating life.

Meteor bombardment, Van Allen radiation, and cosmic radiation
consistent with the latest scientific data.

Vehicle orientation toward the sun within : 5 degrees.
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1.3 Vehicle Compatibility

The following disturbing effects of the power system upon a representative

space vehicle weighing from 2000 to 30,000 pounds shall be considered in

the design of the system.

1.3.1

1.3.2

1.3.3

1.3.4

1.3.5

1.3.6

Vibration

The power system shall not impart to the vehicle support points any
vibration disturbances with double amplitudes greater than 0.0001 inch
when the vibration is unrestrained. In addition, instantaneous
accelerations at the support points shall be less than 0.0l g at any
frequency when the vibration is unrestrained.

Torque
Any torque resulting from moving parts within the power system shall
be eliminated to the maximum extent practicable.

Electrical Interference
The electrical interference caused by the system shall be minimized.

Switching Transients

The power system shall be designed so that instantaneous values of
surge current equal to twice the nominal maximum current can be
tolerated without impairment of the system performance.

System Weight
The power system weight shall not exceed 70O pounds including
battery storage system.

Volume

The power system in launch configuration shall fit within a volume
which is a cylinder 9 feet 6 inches in diameter, 16 feet high,
topped by a right circular cone of 15° half angle. No reliance
shall be placed on an external nose fairing for mechanical support
of the power system.
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2.0 COMPONENT SPECIFICATIONS

The components of the power system shall meet the following specifications

during and after exposure to the environmental reliability and endurance

tests specified in paragraph 3.0.

2.1 Thermionic Generator Assembly

2.1.1

2.1.2

2.1.3

2.1.h4

2.1.5

Power Output
Power output shall be 173 wnatts : 5 % at a nominal voltage of
4.58 volts and current of 37.7 amps.

Power output shall reach 85% of the design value within one
minute of application of full solar input power. Full power
shall be attained within four minutes of startup.

Operating Life

Operating life of the generator shall be one year with a
minimum of 5840 operational sun-shade cycles. Performance
deterioration over the one year period shall not exceed 5%.

Cavity Absorber Efficiency

The cavity geometry of the generator shall be such as to
accept at least 95% of all avalilable flux with the concentrator
misaligned up to six minutes. The cavity absorber efficiency
including misalignment effects shall be at least 75% at the
design operating temperature of 2000°K.

Generator Weight
Generator weight shall be kept to a minimum consistent with good
design practice and shall not exceed 6.1 pounds.

Generator Compoanents

The generator assembly shall contain five identical thermionic
converters mounted in nickel block. The converters shall be
shielded against heat loss along the emitter support section
and through the bottom of the block assembly with polished
moly shields. The spacing between adjacent converters shall
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2.1.6

be such as to limit direet flux leakage from the cavity to
3% assuming the openings functiam as black body absorbers.

Generator Efficiency

The overall generator conversion efficiency exclusive of the
cavity absorber efficiency shall be not less than 10.5% at
2000°K.

2.2 Heliotropic Mount

The generator shall be fitted with a heliotropic mount mechanism
to assist in controlling concentrator alignment to within 6
minutes in the face of b 5 degree vehicle attitude variations
relative to the sun.

2.2.1

2.2.2

2.2.3

2.2.4

Heliotropic Sensor Design

The mount sensors shall be designed with a minimum gain of
50 degrees per degree. The sensors shall at the same time
be sufficiently stiff as to insure proper direction of the
concentrator mass in the face of the perturbation noted in
Section l1l.2.2.

Mount Structure

The mount structure shall be designed to operate satisfdctorily

in the thermal and space environment for one year. The mount
sensor and other structures shall be designed or shielded against
possible burnout even under conditions of persistent misorientation
with the concentrated energy of the collector striking the mount.

Mount Response

The response of the mount must be designed to insure maintaining
the concentrator orientation without introducing overshoots or
other system instaebilities due to phase shifts in the modular

system.

Mount Weight
The mount assembly shall be of minimum weight and not exceed
.4 pounds.
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2.2.5 Mount Power Requirements
The power intercepted by the mount shall not exceed 1% of the
total intercepted flux for a full 5 degree vehicle misorientation
under steady state conditions.

2.3 Thermionic Converters

2.3.1 Thermionic Converter Power OQutput
The converters shall produce a power output of 34.6 watts
: 5% at a nominal voltage of .918 volts and current of
37.7 amps.

2.3.2 Converter Power Density
The power density at 2000°K shall be not less than 8 vatts/cm?.
Buitter area shall be 4.32 cm® ¥ .05 cm®. Bmitter to collector

spacing .002 inches : .0005.

2.3.3 Converter Operating Temperatures

Emitter operating temperature 1975°K : 25°K
Collector operating temperature 950°K : 25°K
Cesium reservoir temparature 624% I 5%

Radiator temperature 850°k ! 25°K

2.3.4 Principal Converter Surface Bmissivities

Emitter cavity surface emissivity .6
Radiator surface emissivity .78
Interior emitter emissivity .2h
Collector emissivity .15

2.3.5 Principal Converter Materials
Converter materials shall be of the highest possible quality.

Emitter material - tantalum
Collector material - moly

Radiator material - copper
Reservoir material - copper
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2.3.6 Cesium Reservoir Design

Reservoir assembly shall be designed to require a meximum 2 watts
of thermal input to maintain the assembly temperature at 614% < SOK.

This thermal input shall be supplied to the reservoir by means of

a thermal conduction path from the converter collector during steady
state sun operation. Electrical heating will be utilized during the
shade periods. The electrical heater shall be designed to control
temperature at 614°K.

2.4 Cesiwn Heater Assembly

2.4.1 Assembly Design

The assembly shall be demountable from the converter assembly for
easy replacement. The surface area and emissivity shall be
selected to insure a nominal operating temperature of 614°K with
a total continuous thermal input of 2 watts.

2.4.2 Assembly Components

The assembly shall include a heater element, thermostatic switch,
adjustable shields for optimizing equilibrivm temperature, and a
shell structure capable of being easily affixed to the converter
reservoir tube.

2.4.3 Power and Voltage Design Requirements

The electrical heater power requirement shall not exceed 2 watts
to maintain the nominal 614°K temperature. Heater design
voltage shall be .918 volts. Heaters shall be designed to teke
a 300% overvoltage for one hour without burnout.

2.4.4 Assembly Life
The heater shall demonstrate the ability to operate for one year
on a continuous or 10 minute on-off cyclic basis.

The thermoswitch shall demonstrate the ability to maintain
operation on a cyclic basis for 500,000 cycles with a 2 watt
resistive load at one volt DC. The heater insulating materials
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shall demonstrate the ability to survive one year of 10 minute
on-off cyclic life without decomposing, evaporating, loss of
dielectric properties, or contributing to the failure of the
heater element.

2.4.5 Thermo Switch Control

The thermoswitch shall be capable of 500,000 cycles maintaining
operation about a 614°%k setpoint.

The maximum initial switch differential shall not exceed = 4°K

with an increase not to exceed : 8°K over the one year period.

2.5 Solar Concentrator Assembly

2.5.1 Optical Specifications
2.5.1.1 Specular Reflectance - Operational

The specular reflectance of the concentrator surface shall not
be less than 89% and shall not degrade more than 3 percent during

one year's operation in the space environment.

2.5.1.2 Specular Reflectance -~ Storage and Testing

The specular reflectance of the concentrator surface shall
not degrade more than 2 percent for periods of storage up
to 18 months.

2.5.1.3 Concentrator Thermal Stresses

The concentrator shall withstand the thermal stresses encountered
during storage, transportation, launch and space flight without
any decrease in the measured efficiency.

2.5.2 Structural Specifications

2.5.2.1 Concentrator Frontal Diameter

The concentrator frontal diameter shall be five feet, exclusive
of support rings structure. The total frontal area shall be

19.5 £2.
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2.5.2.2 Concentrator Rim Angle

The rim angle of the concentrator shall be selected to optimize
concentrator-absorber efficiency.

2.5.2.3 Concentrator Materials

The concentrator shell and support ring shall be nickel. These

structures shall be fabricated using the most advanced electro-

forming techniques. Supporting structures and appendages shall

be made of materials compatible with the concentrator structural
materials and the operational environment.

2.5.2.4 Concentrator Shell Geometry

Nominal shell thickness shall be .009 inches I .002 inches
with a maximum surface slope error of 5.5 minutes. Overall
geometry shall be sufficient to insure 95% of all concentrated
flux can pass through a 5/8 inch diameter aperture under
conditions of zero misorientation.

2.6 Modular Assembly

2.6.1

2.6.2

2.6.3

General

The design of the module shall incorporate concentrator, thermionic
generator assembly, support attachments for the generator, structural
support members, actuator and mechanism for attechment of the
thermionic generator to the spacecraft, to satisfy the optical,
structural, and thermal requirements specified herein.

Support Member Thermal Stresses

The converter support members shall be required to withstand thermal
stresses assoclated with operation in space.

Absorber Aperture Erection

The converter support members shall incorporate provisions for
accurate erection of the absorber aperture into the focal plane
at the focal point of the concentrator within 6 minutes of the
concentrator axis.
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2.6.4

Erection Control

The erection structure shall be actuated by springs of sufficient
stiffness to permit operation in a 1 g environment. The structure
shall be fitted with controls suitable for preventing excessive

or destructive forces or shock from being induced in the erection
process. The structure shall incorporate locks where necessary
to insure proper maintenance of concentrator-generator alignment
subsequent to erection. The structure may be allowed to deflect
in the 1 g environment to an extent that would prevent operation
80 long as the deflection is not permanent and full recovery could
be expected upon removal of the gravity induced forces.

2.7 Support and Deployment Structure

2.7.1

2.7.2

2.7.3

Support Members

The modules shall be supported on members which provide low
resistance electrical connection to the thermionic generators.
The measured loss, when the load is receiving maximum electrical

power, shall be less than 1 percent of the conducted power.

Hinge Joints

Dry lubricants shall be utilized in all hinge joints. Joints
shall be designed with clearances sufficient to limit misalignment
in supporting structures to within p 6 minutes in any section.
Hinge Joints shall demonstrate a capability of not less than

100 complete cycles under vacuum conditions of 10-5 mm Hg without
loss of operational efficiency.

Extension

The deployment structure shall be capable of complete extension
vhile maintaining alignment of all section busses. The structure
may be supported so as to offset the effects of gravity which
would introduce intolerable deflection in the assembly. The
proper alignment of structural numbers within te minutes will
be verified after extension. A total of 20 complete extension
cycles without loss of alignment accuracy must be demonstrated
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in the 1 g environment. Such cyelic test will be conducted without
the modules affixed to the deployment structure.

2.7.4 Activation Mechanisms
All mechanical actuators shall be tested for positive operation
under vacuums of 10'5 mm Hg or better. The operation of such
mechanisms shall also be verified as part of the module and
deployment structure tests. This shall include the motor operated
cable feed systems, cable release systems, and explosive bolt
release assemblies.

2.8 Battery Storage System

2.8.1 Battery Type
The type of battery shall be a sealed silver-cadmium battery.
2.8.2 Operating Characteristics
1. Nominal voltage 28 volts
2. Nominal current 54 amps
3. Maximum depth of discharge 52%
L. Cycle 1life 5840 cycles, 54 minute charge, 36 minute discharge
5. Operational life 1 year
6. Shelf life 2 years
7. Charge rate LO-41 amperes
8. Charge efficiency T7%
9. Temperature range -20°F to lOOoF
10. Zero gravity to lg

1l. Zero pressure to 1 atmosphere
2.8.3 Battery Weight

Total weight including case but exclusive of external
connections - 110 pounds.
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2.8.4 Battery Volume

Total volume exclusive of external connections - 1450 cubic inches.

3.0  ENVIRONMENTAL RELIABILITY AND VIBRATION TESTING
3.1 General

These tests shall be performed by the contractor and shall be in
addition to any other tests that have to perform to demonstrate
the ability of the Thermionic Conversion System to satisfy the
requirements detailed in other sections of this specification.
These tests shall be performed on all converters, concentrators
and components thereof. System structures and modular structures
will be subject to test in the stowed position only.

3.2 Environmental Test

3.2.1 Temperature Sterilization

The assembled units,and components thereof, shall be placed in a
suitsble chamber and the temperature raised to 125°C (257°F) for
24 hours, or 160°C (320°F) for two hours. The time period shall
tegin after temperature stabilization of the largest centrally
located thermal mass. The time required for this stabilization
shall be recorded. During actual sterilization the temperature of
the interior cannot be measured. This method is designed to insure
sterilization of the interior of the materials, including cracks,
cavities and joints. After 24 hours at 125°C, the temperature
shall be raised to 140°C (285°F) for 5 minutes. The time period
shall begin after temperature stabilization of the largest centrally
located thermal mass.

3.2.2 High Temperature Test

The assembled units, and components, thereof, shall be placed in a
suitable chamber and the temperature raised to + 160°c for 4 hours.
The time period shall begin after temperature stabilization of the
largest centrally located thermal mass. The time required for
stabilization shall be recorded. This requirement is in addition
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3.2.3

to the high temperature requirement that shall be imposed on the
converter and support members due to actual operation.

Low Temperature Test

The assembled units, and components thereof, shall be placed in

a suitable chamber and the temperature lowered to -150°C for

4 hours. The time period shall begin after temperature stabilization
of the largest centrally located thermal mass. The time required

for stabilization shall be recorded. If this test is performed

in air, the water vapor shall be removed to prevent the formation

of frost on units under test.

3.3 Vibration Test

3.3.1

3.3.2

Mounting

The vibration test fixtures designed to hold the Thermionic Conversion
System, or individual components <thereof, shall be vibrated alone
and resonant frequencies noted. The lowest resonant frequency shall
be higher than 300 cps. The Thermionic Conversion System, or
individual components thereof, shall then be mounted on the
respective fixture and a low-level (approximately 0.5 g) sine wave
shall be applied. A search for the resonances of the fixture-system
(component) combination shall be conducted. The vibration tests are
intended to simulate the deleterious effects which accompanies Atlas
and Centaur motor burning during their complete operation. The
asgsembly shall be attached firmly and securely to vibration exciter
without attempt to simulate spacecraft installation. The vibration
level shall be observed on the exciter as near to the supporting
bracket as possible. The assembly shall be subjected to the
vibration test in a direction parallel to the vehicle axis of

thrust and in two other orthogonal directions which are also
perpendicular to the axis of thrust. The assemblies shall be
removed from the exciter and shall perform satisfactorily.

Low Frequency Vibration Test
The assembly, or components, thereof, shall be subject to sinusoidal
vibration at frequencies between 1 cps and 40 cps for 24 minutes in
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each of three orthogonal directions. The displacement of the
vibration shall be 3 inches from 1 to 3 cps and 3g, peak, from 3 to
4O cps. The sweep shall be such that the time rate of change of
frequency increases directly with frequency and 8 minutes is required
to sweep from 1 to 40 cps. The sweep shall be repeated three times.
Resonances of the item shall not be dwelt upon.

3.3.3 High Frequency Vibration Complex Wave Test
The test shall consist of a programmed sequence of band-limited
Gaussian noise and combined noise and sinusoidal vibration. The
total time in each orthogonal direction will be 9 minutes, 12 seconds
The test is as follows:

1. White Gaussian noise 15 g rms band-limited between
15 and 1500 cps for 6 seconds.

2. White Gaussi~n noise 10 g rms band-limited between
15 and 1500 cps for 3 minutes.

3. White Gaussian noise 4.5 g rms band-limited between
15 and 1500 cps plus at 4.5 g rms sinusoid superimposed
on the noise. The frequency of the sinusoid is swept
from 40 to 1500 cps in 2 minutes at a rate increasing
directly with frequency. The sweep will be repeated
3 times making the total time 6 minutes.

4, white Gaussian noise 15.0 g rms band-limited between
15 and 1500 cps for 6 seconds.

3.3.4 Static Acceleration
The assembly, or component, shall be subjected to a static
acceleration of 10 g in 3 orthogonal directions for five
minutes in each direction, one direction being parallel to the
axis of thrust.

3.3.5 Gas Sterilization Ethylene Oxide
The assembly shall be placed in a chamber and the ethylene oxide
gas circulated in and through the chamber until negligible air
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is present in mixture. Sufficient water vapor must be added to
increase the humidity to 25%. The ethylene oxide gas shall be
sampled to determine that these conditions are satisfied. The
temperature in the chamber shall be maintained at 72°C, : 3°C.

The test period shall be 24 hours. At the end of the test period,
the assembly shall be removed from the chamber and allowed to
stabilize at room conditions. The assembly shall then perform
satisfactorily.
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